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INTRODUCTION 
 
Cellulosic biofuels 
With the increasing worldwide industrialization, a steep rise for the demand of 
petroleum-based fuels appeared. Currently, fossil fuels take up 80% of the primary 
energy consumed in the world1, but the sources of these fossil fuels are becoming 
exhausted and generating serious environmental issues, such as greenhouse gas 
emissions and acid rains. Increasing energy demand also leads to an increase in crude 
oil price, directly affected to global economic activity. Thus, many researchers are 
focusing on the renewable, environment-friendly, cost-effective energy alternatives 
for fossil fuels. In the past decades, biofuels (e.g., ethanol, methanol, biodiesel) 
emerge as the most environment-friendly alternative fuels due to their renewability, 
security of supply and generating acceptable quality exhaust gases2. 
 
The feedstock for 1st generation biofuel production is starch/ sucrose-rich food 
crops, such as corn, wheat, barley, and sugarcane3. Although the 1st generation 
biofuels production is commercial in many countries (e.g., corn ethanol in US, 
sugarcane ethanol in Brazil), the major obstacle toward its global commercialization 
is the concern of “food-versus-fuel” debate4, that whether to use these starch/ 
sucrose-rich crops as fuel feedstock or as human food. On the contrary, 
lignocellulosic biomass (e.g., sugarcane bagasse, newspaper, rice straw) is of great 
interest as its low-price, large-scale availability, and no competition with food, 
referring as the 2nd generation feedstock for biofuel production. Cellulose is 
composed of β-1,4-linked glucose monomers, representing the most abundant 
polysaccharide (up to 30-50%) in lignocellulosic biomass. After physical or 
thermochemical pretreatments, cellulosic materials are enzymatically decomposed 
into monosaccharides (glucose), and subsequently converted to desirable biofuels via 
microbial fermentation. However, the extensive hydrogen linkages among glucose 
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molecules lead to a crystalline and strong matrix structure of cellulose 5. As a result, it 
requires large amount of costly cellulases to break the recalcitrance of cellulose, 
which makes it challenging for cellulose-based biofuels to be economically feasible 6. 
Thus, the decrease of the need for enzyme addition may lead to a feasible path 
towards the cost-competitive production of cellulosic ethanol. 
 
Consolidated bioprocessing 
Conventional technology for lignocellulosic biofuel production includes a 
physical/chemical pretreatment step during which polymeric sugar fractions more 
accessible to enzyme. Subsequent bioconversion process generally consists of four 
steps: the enzyme production, the hydrolysis of cellulose and hemicellulose into 
monosaccharides, and the fermentation of sugars into biofuels (Figure 1). Combining 
two or more of these steps into one integrated process will greatly decrease the 
processing cost. Consolidated bioprocessing (CBP), which allows the four biological 
steps occurring in one reactor using a CBP microorganism7, contributes to reducing 
the costs in capital investment, substance and utilities associated with microbial 
enzyme production. It has been widely considered as the most promising way to 
achieve the commercialization of cellulosic ethanol production7. 
 
Figure 1 Schemes of conventional process and CBP process for lignocellulosic biofuel 
production 
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The key to CBP is the engineering of a microorganism capable of both producing 
saccharifying enzymes to degrade lignocellulosic biomass and efficiently fermenting 
sugars into biofuels. Microorganisms used for CBP can be categorized into two 
groups: cellulase producers and ethanol producers. Cellulase producers include 
cellulolytic thermophilic bacteria (e.g., Clostridium thermocellum), cellulolytic fungal 
(e.g., Trichoderma reesei) and some anaerobic filamentous fungi8. These 
microorganisms contain high cellulolytic activities, however, their ethanol production 
capacities and tolerances to ethanol are relatively low. On the contrary, ethanol 
producer group (e.g., Saccharomyces cerevisiae, Zymomonas mobilis, Kluyveromyces 
marxianus) are natively possesses superior fermenting capacity and tolerance to 
ethanol, but lacks essential cellulolytic activities to degrade cellulose into glucose. To 
resolve this problem, researches are working on expressing heterologous cellulases 
derived from filamentous fungi or Clostridium species in yeast strains9, 10. Currently, 
the production of cellulases in yeast strain follows two major strategies: secreting 
enzymes into the fermentation broth or immobilzing enzymes on the cell exterior 
using cell-surface display engineering. 
 
Cell-surface display engineering 
Cell-surface display engineering is a promising technique that uses microbial 
functional components to locate enzymes or peptides on the cell exterior of 
microorganisms. This technique endows the engineered strain with novel functions, 
such as whole-cell biocatalysts, bio-adsorbents, biosensor, vaccine-delivery vehicles 
and screening platforms 11. As shown in Figure 2, cell-surface display engineering has 
been applied to the biorefinery of various types of waste materials. In the biorefinery 
of sugar-/protein-rich waste to produce biofuels and biochemicals, hydrolytic 
enzymes (e.g. cellulase, hemicellulose, and amylase) are immobilized on the surface 
of yeast to perform biodegradation and bioconversion of sugars simultaneously. With 
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regard to waste oils, lipase-displaying yeast cells are employed as whole-cell 
biocatalysts, which catalyze the transesterification of triglycerides with short-chain 
alcohols into biodiesels. Moreover, yeast cells displaying metal-binding proteins on 
the cell surface can also be used as bioadsorbents to retrieve heavy metals from 
wastewater. 
 
Cell-surface display systems have been successfully developed in various 
microorganisms, such as Escherichia coli and Streptococcus gordonii12. Yeast is one 
of the most suitable host strains for cell-surface display, because of its rigid cell walls 
(around 110-200 nm wild), as well as useful platform for protein production, since 
yeast allows the folding and glycosylation of expressed heterologous eukaryotic 
proteins. The cell wall of yeast strain S. cerevisiae mainly constitutes cross-linked β-1, 
3/1,6-glucans, mannoproteins, and chitin. Although the β-1,6-glucan takes up 
quantitatively a minor component of the cell wall, it plays a central role in anchoring 
cell-wall protein. Glycosylphosphatidylinositol (GPI) proteins are kind of 
glucanase-extractable cell-wall proteins that are linked with β-1,6-glucan via the GPI 
anchor, and play critical roles in the structural rigidity of cell walls (e.g., Cwp2p and 
Sed1p) and cell functions (e.g., Flo1p for cell flocculation)13. During the secretory of 
a GPI protein, GPI anchor is bound onto GPI-attachment signal on the membrane of 
endoplasmic reticulum; while secretion signal directs GPI protein transported to cell 
surface. On reaching plasma membrane, GPI protein is cleaved at GPI-anchor site by 
a phosphatidylinositol-specific phospholipase C and subsequently released into cell	
wall. GPI protein is then covalently bound with β-1,6-glucan via remnant 
GPI-anchor13. Yeast cell-surface display technique is to fuse the targeted enzyme or 
peptide to a GPI protein/ GPI anchoring domain, and this is anchored covalently on 
the cell surface via the GPI anchor14. The characteristics and applications of GPI 
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anchoring domains in yeast strains have been summarized in Table 1.  
 
Anchoring of enzymes or peptides on the cell surface to perform cellulose 
degradation has the following advantages: (1) Proteins are produced and 
auto-immobilized on the cell surface via easy cell	propagation, which can reduce the 
expenditure and facilities needed for protein generation and enrichment37. (2) The 
proteins that are anchored on solid surfaces (such as cell surface) are more stable than 
free-form proteins under extreme conditions (e.g., high temperature and organic 
solvents)38. Improved enzyme stability will facilitate long-term storage and recycling 
in industrial processes. (3) Tethering of multiple synergetic enzymes on a single cell 
significantly shortens the enzyme-to-enzyme distance16, preventing long-distance 
mass transfer of substrates, especially in high-solid fermentation. (4) Monomers (e.g., 
glucose, xylose, and amino acid) that are liberated via enzymatic hydrolysis can be 
immediately utilized by cells because of the proximity of the enzyme to cell surface. 
As a result, the monomers in the extracellular environment are maintained at low 
concentrations, which significantly reduce the risk of contamination (especially when 
glucose is released from cellulose) and diminishes the repression effects of substrates 
on microorganism. (5) The proteins that are immobilized on the cell surface can be 
easily recollected through centrifugation or filtration, implying high potentials of 
recycling. 
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Applications of cell-surface display technique in cellulosic ethanol production 
Currently, cell-surface display technique has been widely applied in the ethanol 
production from cellulosic materials. In order to degrade cellulose into glucose, at 
least three kinds of synergistic cellulases are required, including β-glucosidase (BGL), 
endoglucanase (EG), and cellobiohydrolase (CBH)8. Display of heterologous 
synergistic cellulases derived from filamentous fungi or Clostridium species on the 
surface of yeast enables it to directly generate biofuels from cellulosic substrates. As 
shown in Table 2, Fujita et al. (2002) and Yanase et al. (2010) showed that BGL- and 
EG-displaying yeast strains could efficiently convert β-glucan (linear, water-soluble 
polysaccharides composed of six or seven β-1, 4-linked glucose residues) into ethanol, 
with a high yield of more than 90% of the theoretical level. In comparison, phosphoric 
acid swollen cellulose (PASC) is an insoluble cellulosic material mainly composed of 
amorphous cellulose, and more resistant to enzymatic hydrolysis than β-glucan. 
Although it has been demonstrated that cellulase-displaying yeasts are able to directly 
produce ethanol from PASC, most of their ethanol yields were less than 60% (Table 
2). This is because the cellulolytic activities on the cell surface are insufficient to 
support the complete degradation of PASC.  
 
In addition, as shown in Table 2, the current cellulase-displaying yeast strains 
seem incapable of direct degrading lignocellulosic substrates in the absence of 
exogenous cellulases, owing to the recalcitrance of lignocellulose. A recombinant S. 
cerevisiae co-displaying BGL, EG and CBHII achieved 89% of the theoretical ethanol 
yield from rice straw in the presence of 10 FPU/g-biomass commercial cellulase, 
while it obtained an ethanol yield of 65% under 5 FPU/g-biomass cellulase39, 
indicating that the cellulosic ethanol yield is strongly related to the support of 
additional cellulase. As for natural lignocellulosic materials, crystalline cellulose 
serves as the major form of cellulose. The highly rigid structures of crystalline 
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cellulose are resistant to enzymatic depolymerization, making it more difficult to be 
degraded than the fluffy cellulosic materials (e.g., β-glucan and PASC). Thus, 
improvement of the degradation ability towards crystalline cellulose is of great 
importance in achieving CBP using cell-surface display engineering. 
 
To solve these problems, much effort has been devoted to increasing the 
enzyme-display efficiency or improving cellulase production. In order to alleviate the 
conflict between cell-wall protein and displayed-protein, Kotaka et al. disrupted the 
gene encoding cell-wall protein SED1, obtaining a 1.6-fold increase of enzyme 
activity on the cell surface 40. In addition, the genes involved in the protein secretory 
pathway of S. cerevisiae were over-expressed, achieving a 71% increase in CBH 
production 41. However, these improvements only result in a limited increase of 
cellulose degradation ability, which are still insufficient for the hydrolysis of 
crystalline cellulose. Therefore, in the present study, three novel strategies have been 
employed to improve the cellulose degradation ability of cellulase-displaying S. 
cerevisiae: study of the most suitable strategy for cellulase production (Chapter I), 
improvement of interactions between cell and cellulose (Chapter II), and optimization 
of enzyme ratios that displayed on the cell surface (Chapter III). 
 
Firstly, we investigated the suitable strategy for cellulase production from the 
view of steric hindrance. The location of cellulase (immobilized on the cell surface or 
secreted into medium) is of great importance in enzyme synergism and the mass 
transfer of intermediate products. It has been reported that BGL is preferable to be 
displayed on the cell surface rather than secreted because of the improved stability 38. 
However, "display" systems may suffer from inefficiency of processive enzymes (e.g., 
CBH1 and CBH2), or cause steric restriction in the collision with cellulose. To date, 
the best locations (or production strategies) for EG and CBH remained obscure. Thus, 
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in this study, EG and CBH1 were produced heterologously in a BGL-displaying S. 
cerevisiae strain using cell-surface display, secretion, or a combined strategy. The 
most suitable strategy for producing EG and CBH1 for cellulose degradation was 
evaluated. (described in Chapter I) 
 
Secondly, we investigated the interactions between cellulase-displaying cells and 
cellulose during cellulose degradation process. Currently, large amounts of researches 
have been pursued to improve the cellulolytic activities on yeast cell surface through 
delicate design of surface-displayed scaffoldin42, increasing enzyme diversities43, or 
increasing the expression level of cellulase genes. However, very limited reports 
could provide the information of cellulose degradation mechanism via 
surface-displayed cellulase, which correlates with the interactions of 
enzyme-to-cellulose and cell-to-cellulose. In this study, we focus on the 
cellulose-adherent characteristics of cellulase-displaying cells that could be used to 
improve the cellulose hydrolysis efficiency, such as enhancement of cell-to-cellulose 
interactions via altering the surface properties of cellulose. (described in Chapter II) 
 
Thirdly, we engineered a recombinant yeast strain with high degradation ability 
towards crystalline cellulose through optimizing of the enzyme ratio on the cell 
surface. It is postulated that improvement of the crystalline-cellulose degradation 
ability in yeast cell will enable it direct utilization of natural cellulosic materials. Most 
current reports of cellulase-displaying yeast strain focus on enhancing the degradation 
potential of amorphous cellulose (e.g., PASC) (Table 1). However, the enzymatic 
hydrolysis pattern of crystalline cellulose, especially the optimal ratios of synergisitic 
cellulases, is completely different from that of amorphous cellulose. It has been 
reported that engineering of EG as the main proportion in total cellulase mixture is 
preferable for amorphous cellulose degradation, while using CBHs as the major 
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component is to be assumed more effective in the degradation of crystalline 
cellulose44. In the present study, we integrated multiple-copy of cellulase genes (EG, 
CBH1, CBH2) into the genome of BGL-displaying yeast strain using cocktail 
δ-integration method44. The transformants were screened based on their degradation 
abilities toward Avicel. Moreover, the enzyme ratios that displayed on the cell surface 
were determined via nano LC-MS/MS. (described in Chapter III) 
 
	 12	 
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SYNOPSIS 
 
Chapter I  
 
Combined cell-surface display- and secretion-based strategies for production of 
cellulosic ethanol with Saccharomyces cerevisiae  
 
The production of cellulase is usually pursued by one of the two strategies: 
displaying enzyme on the cell surface or secreting enzyme into the medium. However, 
to our knowledge, the combination of the two strategies in a yeast strain has not been 
employed. In this chapter, heterologous endoglucanase (EG) and cellobiohydrolase 1 
(CBH1) were produced in a β-glucosidase (BGL) -displaying S. cerevisiae strain 
using cell-surface display, secretion, or a combined strategy. Strains EG-D-CBH1-D 
and EG-S-CBH1-S (with both enzymes displayed on the cell surface or with both 
enzymes secreted to the surrounding medium) showed higher ethanol production (2.9 
g/L and 2.6 g/L from 10 g/L phosphoric acid swollen cellulose, respectively) than 
strains EG-D-CBH1-S and EG-S-CBH1-D (with EG displayed on cell surface and 
CBH1 secreted, or vice versa). After 3-cycle repeated-batch fermentation, the 
cellulose degradation ability of strain EG-D-CBH1-D remained 60% of the 1st batch, 
at a level that was 1.7-fold higher than that of strain EG-S-CBH1-S. This work 
demonstrated that placing EG and CBH1 in the same space (on the cell surface or in 
the medium) was favorable for amorphous cellulose-based ethanol fermentation. In 
addition, the cellulolytic yeast strain that produced enzymes by the cell-surface 
display strategy performed better in cell-recycle batch fermentation compared to 
strains producing enzymes via the secretion strategy. 
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Chapter II  
 
Engineering of a novel cellulose-adherent cellulolytic Saccharomyces cerevisiae 
for cellulosic biofuel production 
 
The main obstacle toward the economic feasibility of cellulosic bioethanol 
production is the recalcitrance of lignocellulose requiring large amount of costly 
enzyme to break. To reduce the need for enzyme addition, we successfully engineered 
a high-efficiency cellulolytic Saccharomyces cerevisiae by displaying four synergistic 
cellulases (BGL, EG, CBH1, and CBH2) on the cell surface. The cellulase-displaying 
yeast strain exhibited clear cell-to-cellulose adhesion and a “tearing” cellulose 
degradation pattern; the adhesion ability correlated with enhanced surface area and 
roughness of the target cellulose fibers, resulting in higher hydrolysis efficiency. The 
engineered yeast could directly produced ethanol from rice straw despite a more than 
40% decrease in the required enzyme dosage for high-density fermentation. Thus, 
improved cell-to-cellulose interactions provided a novel strategy for increasing 
cellulose hydrolysis, suggesting a mechanism for promoting the feasibility of 
cellulosic biofuel production.  
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Chapter III  
 
Efficient ethanol production from crystalline cellulose using high-cellulolytic 
Saccharomyces cerevisiae with optimized cellulase ratios on the cell surface 
 
Crystalline cellulose is the most rigid, degradation-resistant structure in natural 
cellulosic materials, and is widely considered as the major obstacle to achieve the 
efficient utilization of lignocellulose. To improve the degradation ability towards 
crystalline cellulose in cellulolytic yeast strain, the optimal ratio of synergisitic 
cellulases (BGL, EG, CBH1, and CBH2) displayed on the cell surface was 
investigated in this chapter. We constructed a pool of cellulase-displaying yeast strain 
with various enzyme ratios through cocktail δ-integration method. Strain A26, which 
achieved the highest cellulosic ethanol yield (57%, corresponding to 1.46-fold of that 
in control strain (cellulase ratio is 1:1:1:1)) without any metabolic burden on cell 
growth was screened from the yeast pool. The cellulase ratios on the cell surface were 
analyzed using nano LC-MS/MS. To our knowledge, this is the first work on relative 
quantitation of four kinds of cellulase (BGL, EG, CBH1, and CBH2) anchored on 
single yeast cell, and the first to optimize enzyme ratio towards crystalline cellulose 
degradation. 
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Chapter I 
 
 
Combined cell-surface display- and secretion-based strategies for 
production of cellulosic ethanol with Saccharomyces cerevisiae 
 
	 17	
Introduction 
Due to the limitations in fossil fuel supplies and environmental issues, bioethanol 
derived from lignocellulosic materials has recently gained increased attention1, 5. 
Saccharomyces cerevisiae is the most commonly used microorganism for ethanol 
production, but lacks essential cellulolytic enzyme activities to degrade cellulose into 
glucose52. To resolve this problem, the construction of recombinant yeast strains 
capable of producing heterologous cellulases, including β-glucosidase (BGL), 
endoglucanase (EG), and cellobiohydrolase (CBH), has been pursued over the last 
two decades10, 39. 
 
Currently, the production of cellulases follows two major strategies: displaying 
enzymes on the cell surface or secreting enzymes into the fermentation broth. The 
glycosylphosphatidylinositol (GPI) anchoring system enables the display of various 
kinds of enzymes on the cell surface14. The cell-surface display strategy increases the 
effective concentration of enzymes, and promotes a greater degree of synergy16. In 
addition, glucose liberated from cellulose in proximity to the cell surface is 
immediately taken up, thereby minimizing the risk of contamination or product 
inhibition53. Furthermore, immobilizing enzymes on the cell surface enables the 
re-use of enzymes and cells in multi-batch fermentations, which reduces the cost of 
yeast propagation and that of supplementation with extraneous enzymes54, 55. In 
contrast, secreting enzymes into the medium recreates the “free enzyme system”, 
which is similar to the cellulase system of filamentous fungi. The quantity of secreted 
enzymes is limited only by the production capacity of cells, not by physical 
restrictions, such as the incorporation capacity of yeast cell wall associated with 
cell-surface display56. Moreover, free cellulases can penetrate into the secondary cell 
walls of plant biomass57, increasing the accessibility of cellulose, which was reported 
as the critical factor in enzymatic hydrolysis58.  
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Thus, each strategy has both advantages and disadvantages. The selection of an 
optimal strategy for enzyme production should be based on the characteristics of a 
given enzyme and its reaction mechanism. It has been reported that 
cell-surface-displayed BGL exhibited higher efficiency in cellobiose usage than 
secreted BGL because of the improved stability caused by immobilization on the cell 
wall38. However, “display” systems may suffer from inefficiency of processive 
enzymes (e.g., CBH), leading to decreased hydrolysis efficiency compared to free 
enzyme systems56. Thus the combination of cell-surface display and secretion 
strategies into one recombinant yeast strain was expected to achieve improved 
hydrolysis of cellulose compared to either single strategy of displaying or secreting 
cellulases. Such a combined strategy may allow the various kinds of enzymes to be 
produced in their most appropriate location, assembling the advantages of the two 
strategies into one system of enzyme production. 
 
Cellobiohydrolase I (CBH1) is the major component (~ 60%) of the total 
cellulolytic protein of the cellulase system of Trichoderma reesei7. CBH1 acts by 
hydrolyzing from the reducing end of crystalline cellulose fibers in a progressive 
manner. Recently, CBH1 was reported as the main contributor to overall cellulose 
degradation, with other enzymes synergistically enhancing its hydrolytic efficiency59. 
Although CBH1 has been heterologously expressed and secreted in S. cerevisiae, the 
relatively low titer60, 61 and low specific activity62 of secreted CBH1 has limited the 
study of co-expression of CBH1 with other cellulolytic enzymes. Recently, CBH1 
originating from Talaromyces emersonii fused with the T. reesei C-terminal 
carbohydrate-binding module (CBM) was efficiently expressed in S. cerevisiae with a 
yield of 100-200 mg/L, which is approximately 20-fold higher than the expression 
levels of T. emersonii CBH1 reported elsewhere63. In separate work, immobilization 
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of enzyme on the cell surface was reported to improve the stability of the enzyme38. 
However, to our knowledge, there has been no previous report of displaying CBH1 on 
the cell surface of yeast strain. 
 
In the present study, EG and CBH1 were produced heterologously in a 
BGL-displaying S. cerevisiae strain using cell-surface display, secretion, or a 
combined strategy. The most suitable strategy for producing EG and CBH1 for 
cellulose degradation was evaluated. Direct conversion of cellulose into ethanol was 
conducted by cellulolytic yeast strains and then applied in cell-recycle batch 
fermentation for further evaluation. To our knowledge, the work reported here is the 
first study on displaying CBH1 on the yeast cell surface and the first study on the 
feasibility of combining the cell-surface display and secretion strategies in one yeast 
strain for heterologous cellulase production. We believe that this work will 
significantly increase our knowledge of how to engineer optimal yeast strains for 
biofuel production from cellulosic biomass.  
 
Materials and methods  
Microbial strains and media 
The relevant features and sources of the yeast strains used in this study are listed 
in Table I-1. Strain Escherichia coli NovaBlue (Novagen, Inc., Madison, WI, USA) 
was used for the propagation of the plasmids. Bacterial cells were grown at 37 °C in 
Luria-Bertani broth (10 g/L tryptone, 5 g/L yeast extract, and 5 g/L sodium chloride) 
containing 100 mg/L ampicillin. Haploid yeast S. cerevisiae BY4741 (Life 
Technologies, Carlsbad, CA, USA) was used for cellulase production. Yeast 
strainswere screened and pre-cultivated in synthetic dextrose (SD) medium (6.7 g/L of 
yeast nitrogen base without amino acids (Difco Laboratories, Detroit, MI, USA) and 
20 g/L of glucose) supplemented with the appropriate amino acids in a shaker   
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incubator (150 rpm) at 30 °C, and then aerobically cultivated at 30 °C in YPD 
medium (20 g/L peptone (Bacto-PeptoneTM, Difco Laboratories), 10 g/L yeast extract 
and 20 g/L glucose). Ethanol fermentation was performed in YP medium (10 g/L 
yeast extract and 20 g/L peptone) containing either 10 g/L PASC or 10 g/L β-glucan 
from barley (Megazyme, Bray, Ireland). PASC was prepared from Avicel PH-101 
(Fluka Chemie GmbH, Buchs, Switzerland), as previously described 9. 
 
Plasmid and strain construction 
The plasmids and primers used in this study are summarized in Table I-2 and 
Table I-3, respectively. To construct the plasmid pRDH225, the gene T. reesei EG2 
was cloned as a 1277 bp PacI/AscI fragment from pRDH14764 into pBZD265  to 
form pRDH225. To construct pRDH226, the T. emersonii CBH1 encoding gene 
containing a domain encoding a carboxy-terminal CBM originating from the T. reesei 
CBH1 was amplified using Phusion hi-fidelity polymerase (Thermo Scientific) as 
directed by the manufacturer from pMI529 63 as template with primers TeCBH1-L 
and TeCBH1-R. The resulting 1567 bp fragment was cloned as a PacI/AscI fragment 
into pBZD2 to form pRDH226. 
 
The integrative plasmids for cell-surface display with the SED1 anchor were 
constructed as follows: the DNA fragment encoding EG2 from T. reesei was 
amplified from plasmid pRDH225 by PCR using the primers TrEG2-F and TrEG2-R. 
The cell-surface display cassette, which includes the I2 region (the 3’ non-coding 
region between gene YFL021W and YFL020C, used for integration), LEU2, SED1 
promoter, SED1 anchoring region, and SAG1 terminator was amplified from plasmid 
pIL2GA-SS using primers P-EG2 and EG2-A. Two DNA fragments were connected 
by the isothermal assembly method66, generating the plasmid pIL2-EGD. To construct 
the secretion expression cassette without the SED1 anchoring region, amplification 
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was performed using the plasmid pIL2GA-SS as a template with primers P-EG2 and 
EG2-T. Primers TrEG2-F and TrEG2-R2 were used for amplifying the fragment 
encoding EG. The resulting plasmid from the combination of two DNA fragments 
was named pIL2-EGS. 
 
Table I-2 Characteristics of the integrative plasmids used in this study 
Plasmid Relevant features References 
pRDH225 KanMX, expression of T. reesei EG2 gene This study 
pRDH226 ZeoR, expression of T. emersonii CBH1 gene This study 
pIL2GA-SS LEU2, display of R. oryzae glucoamylase [67] 
pIU5GA-SS URA3, display of R. oryzae glucoamylase [67] 
pIBG-SS HIS3, display of A. aculeatus BGL1  [25] 
pIL2-EGD LEU2, display of T. reesei EG2 This study 
pIL2-EGS LEU2, secretion of T. reesei EG2 This study 
pIU5-CBH1D URA3, display of T. emersonii CBH1 This study 
pIU5-CBH1S URA3, secretion of T. emersonii CBH1 This study 
R. oryzae, Rhizopus oryzae; A. aculeatus, Aspergillus aculeatus; T. reesei, Trichoderma 
reesei; T. emersonii, Talaromyces emersonii; BGL1, β-glucosidase 1; EG2, endoglucanase 2; 
CBH1, cellobiohydrolase 1 
 
The construction of CBH1 integrative plasmids was performed by a process 
similar to the above description. For the cell-surface display plasmid, the DNA 
fragment of CBH1 from T. emersonii was amplified from plasmid pRDH226 using 
primers TeCBH1-F and TeCBH1-R, and fused with the PCR product amplified from 
plasmid pIU5GA-SS by primers P-CBH1 and CBH1-A. The resulting plasmid, which 
was named pIU5-CBH1D, can integrate into I5 region (the 3’ non-coding region of 
gene YLL055W and YLL054C). Plasmid pIU5-CBH1S is the integrative plasmid with 
the secretion expression cassette, connected by the segment of CBH1-encoding gene 
(primes TeCBH1-F and TeCBH1-R2) and the PCR products amplified from plasmid 
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pIU5GA-SS (primers P-CBH1 and CBH1-T for secretion expression cassette). 
 
Table I-3 The primers used in this study 
 
 Plasmids were transformed into S. cerevisiae BY4741 using lithium acetate as 
described68. The transformants were identified using colony PCR to check the 
integration of the cellulase gene expression cassettes (primers I2-F and I2-R for I2 
insertion of EG-encoding cassette, and primers I5-F and I5-R for I5 insertion of 
CBH1-encoding cassette). Transformants with one copy of the cassette were selected 
for subsequent experiments. 
Primers Sequence (5’-3’) 
TeCBH1-L GACTTTAATTAAAATGCTAAGAAGAGCTTTACTATTG 
TeCBH1-R GACTGGCGCGCCTTACAAACATTGAGAGTAGTATGGG 
TrEG2-F AATACGTTCGCTCTATTAAGATGAACAAGTCTGTTGCTCCATTG 
TrEG2-R GTTGATAATTTACTCGAGCCTAACTTTCTAGCCAAACATGAAGAAACC 
TrEG2-R2 CTCAATGTACTAACTGTACATTATAACTTTCTAGCCAAACATGAAGAAAC 
TeCBH1-F AATACGTTCGCTCTATTAAGATGCTAAAGAAGAGCTTTACTATTGAGC 
TeCBH1-R GTTGATAATTTACTCGAGCCCAAACATTGAGAGTAGTATGGGTTT 
TeCBH1-R2 CTCAATGTACTAACTGTACACTACAAACATTGAGAGTAGTATGGGTTT 
P-EG2 GGAGCAACAGACTTGTTCATCTTAATAGAGCGAACGTATTTT 
EG2-A CATGTTTGGCTAGAAAGTTAGGCTCGAGTAAATTATCAACTGTCC 
EG2-T GTTTGGCTAGAAAGTTATAATGTACAGTTAGTACATTGAGTCTAAATA 
P-CBH1 AGTAAAGCTCTTCTTAGCATCTTAATAGAGCGAACGTATTTT 
CBH1-A CATACTACTCTCAATGTTTGGGCTCGAGTAAATTATCAACTGTCC 
CBH1-T ACTACTCTCAATGTTTGTAGTGTACAGTTAGTACATTGAGTCTAAATA 
I2-F GAAGCCGCGAGTACGAACAATGATG 
I2-R TGGTATTTTCGTGAGCAAACCCAAC 
I5-F CATTGAAGAAGGGAAAGTGGTAACC 
I5-R TCCCTCTCTAATCTGGGTGAGAC 
rt-ACT1-F TGGATTCCGGTGATGGTGTT 
rt-ACT1-R TCAAAATGGCGTGAGGTAGAGA 
rt-EG-F  GGTTGTTTGTCTTTGGGTGCTTAC 
rt-EG-R AATTGAGCATTTGTTGGACCACCTT 
rt-CBH1-F  CAACTTACTGTCCAGACGACGAAAC 
rt-CBH1-R  AAGGAAGAACCAGAGGAGGTAACAC 
	 24	
Quantification of the transcription level of cellulase-encoding genes by real-time 
PCR 
The transcription levels of the cellulase- encoding genes were quantified by 
real-time PCR as described previously69. The PCR primers BGL 761F and BGL 
858R44 were used to determine the transcription level of gene BGL1. Primers rt-EG-F 
and rt-EG-R were used for the EG2 gene and primers rt-CBH1-F and rt-CBH1-R 
were used for the CBH1 gene. Transcription levels of the target genes were 
normalized to the housekeeping gene ACT1 (primers rt-ACT1-R and rt-ACT1-F). 
 
Yeast cell growth assay 
To measure cell growth, the parent strain and the engineered strains were 
cultivated individually in SD medium at 150 rpm for 24 h at 30 °C. The pre-cultured 
medium was inoculated into 5 mL YPD medium in a L-shaped vitreous tube at the 
initial OD660 of 0.05 and cultivated at 30 °C. The value of the OD660 was measured 
once hourly using a TVS062CA Bio-photorecorder (Advantec Toyo, Tokyo, Japan). 
The value of the OD660 was taken as an indicator of cell growth.  
 
Ethanolic fermentation 
Recombinant yeast strains were pre-cultivated in SD medium for 24 h, then 
inoculated into YPD medium and aerobically cultured in YPD medium at 30 °C for 
72 h. Cells were harvested by centrifugation at 3,000 × g for 10 min at 4 °C, and then 
washed twice with sterile distilled water. The wet cell pellet was weighed and then 
resuspended in 20 mL YP medium containing 10 g/L PASC or β-glucan from barley 
at an initial cell concentration of 150 g wet cells/L (PASC) or 50 g wet cells/L 
(β-glucan). Ethanol fermentation was performed at 37 °C for 96 h with 200 rpm 
agitation in 100 mL closed bottles, each equipped with a siliconized tube and check 
valve (Sanplatec Corp., Osaka, Japan) as a CO2 outlet under the oxygen-limited 
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conditions. The ethanol concentration in the fermentation medium was determined 
using a gas chromatograph (model GC-2010; Shimadzu, Kyoto, Japan), as described 
previously48. 
 
In the cell recycle batch fermentation, after the 96-h batch fermentation 
described above, cells were collected by centrifugation at 8,000 × g for 10 min at 4 °C. 
The pelleted cells were inoculated into fresh YP medium supplemented with 10 g/L 
PASC. The fermentation was repeated three times sequentially under the 
oxygen-limited conditions. 
 
To measure PASC amount in fermentation, the fermentation broth (including the 
cells and residual PASC) was sterilized at 121 °C, 20 min (to terminate glucose 
consumption by yeast cells) and then cooled to room temperature. Sterilized medium 
was incubated with 3 FPU/g-biomass PASC commercial cellulase (Cellic CTec2; 
Novozymes Inc., Bagsvaerd, Denmark) for 2 h at 50 °C. After the hydrolysis reaction, 
the supernatant was obtained by centrifugation at 8,000 × g, 10 min, 4 °C. Glucose 
concentration in the supernatant was measured by the Glucose CII kit (Wako Pure 
Chemical Industries, Ltd., Osaka, Japan) and taken as the amount of PASC remnant. 
 
Enzyme assay 
At the 0-h and 96-h time points of ethanol fermentation, fermentation medium 
was assayed for PASCase, and individual cellulase activities. PASCase activity 
represents the PASC degradation ability of all enzymes present. Fermentation broth 
was added into a final concentration of 5 g/L PASC in 50 mM sodium citrate buffer 
(pH 5.0) and 100 mM methyl glyoxal (Nacalai Tesque, Inc., Kyoto, Japan); the 
methyl glyoxal prevents the assimilation of glucose by yeast cells70. The reaction was 
performed at 50 °C for 4 h using a heat block (Thermo Block Rotator SN- 06BN; 
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Nissin, Tokyo, Japan) with shaking at 35 rpm, and the supernatant was collected by 
centrifugation for 10 min at 8,000 × g at 4 °C to remove cells and debris. The amount 
of glucose in the supernatant was measured by the Glucose CII kit. One unit of 
PASCase activity (U/mL) was defined as the amount of enzyme needed to produce 1 
µmoL of glucose per minute at 50 °C, pH 5.0. 
 
The medium of PASC fermentation was used for the BGL, EG, and CBH1 
activity assays. The BGL and EG activities were determined as previously described25. 
One unit of the BGL activity was defined as the enzyme amount required for 
production of 1 µmoL p-nitrophenol (pNP) in 1 min at 30 °C (U/mL). One unit of EG 
activity was defined as the absorption at 590 nm of released blue dye in 1 h at 38 °C 
(U/mL). p-nitrophenyl-β-lactopyranoside (pNPL, Sigma Co. Ltd, St. Louis, MO, USA) 
was used for the measurement of CBH1 activity as previously described71. One unit of 
CBH1 activity (U/mL) was defined as the enzyme amount required for production of 
1 µmoL pNP in 1 min at 50 °C. 
 
Results 
Construction of yeast strains  
In this study, the haploid yeast strain S. cerevisiae BY4741 was used as the host 
strain for the heterologous expression of cellulase genes. The plasmids containing 
gene expression cassettes are listed in Table I-2. All the gene expression cassettes 
included the SED1 promoter and the SAG1 terminator. The secretion signal peptide of 
BGL1 was derived from Rhizopus oryzae glucoamylase, while EG2 and CBH1 were 
produced with their native secretion signals. The GPI-anchoring region used for 
cell-surface display was constructed using the full length S. cerevisiae SED1 gene to 
display cellulases on the cell surface. It has been reported that the combination of 
SED1 promoter and SED1 anchoring region in a gene cassette enables highly efficient 
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immobilization of enzyme into the cell wall25. Each cellulase gene was integrated into 
a separate internal open reading frame (ORF) region (I2 region for EG2 gene and I5 
region for CBH1 gene) and confirmed by polymerase chain reaction (PCR). Figure I-1 
shows the cellulase production scheme of the recombinant yeast strains constructed in 
this study. Strain BY-BG-SS, which displayed Aspergillus aculeatus BGL1 on the 
cell surface, was reported previously25. The T. reesei EG2 gene expression cassettes, 
with and without the SED1 anchoring region, were integrated into the genome of 
strain BY-BG-SS to yield strains EG-D and EG-S, respectively. Next, the expression 
cassettes of the T. emersonii CBH1 gene, with and without the SED1 anchoring region, 
were integrated into the genome of strain EG-D to yield EG-D-CBH1-D and 
EG-D-CBH1-S or into the genome of strain EG-S to yield EG-S-CBH1-D and 
EG-S-CBH1-S. The engineered yeast strains in this study are listed in Table I-1. 
 
 
Figure I-1 Schematic description of the recombinant yeasts strains constructed in this study. 
 
In addition, the transcription levels of cellulase genes were determined after 72 h 
of cultivation. The transcription levels of the BGL1, EG2, and CBH1 genes, each of 
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which were under the control of a SED1 promoter, were similar among all 
transformants (Figure I-2). 
 
 
Figure I-2 Relative transcription levels of cellulolytic enzyme-encoding genes in 
recombinant yeast strains. Gene ACT1 was used as the internal standard. The relative 
transcription levels were shown normalized to the level observed in strain EG-D-CBH1-D, 
whose relative transcription level was defined as 1. For each strain, data are presented as the 
mean ± SD from three independent experiments. 
 
Effect of multiple gene expression on cell growth 
Cell growth was profiled to determine the metabolic burden caused by the 
expression of heterologous cellulase genes. Each of the engineered strains was 
inoculated into liquid YPD media and cultivated aerobically for 72 h at 30 °C. The 
host strain S. cerevisiae BY4741 was used as a reference strain. As shown in Figure 
I-3, no apparent difference in cell growth was observed between the host strain and 
any of the recombinant yeast strains. 
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Figure I-3 Time-course profiles of cell growth using host strain BY4741 and recombinant 
yeast strains in YPD medium. Each strain was inoculated in YPD medium to an initial OD660 
of 0.05 and then cultured aerobically at 30 °C, 150 rpm for 72 h. For each strain, data are 
presented as the mean ± SD from three independent experiments. 
 
Direct ethanol production from cellulosic materials 
Barley β-glucan and phosphoric acid swollen cellulose (PASC) were utilized as 
fermentation substrates. β-glucan is a linear, water-soluble polysaccharide composed 
of 6 or 7 β-1,4-linked glucose residues49. PASC, which is derived from phosphoric 
acid treatment of Avicel PH-101, is an insoluble cellulosic material with more 
amorphous regions and a lower degree of crystallinity compared to Avicel72, 73.  
 
As depicted in Figure I-4A, ethanol production from 10 g/L β-glucan was 
performed using strains EG-D and EG-S. Yeast strains were cultivated in YPD 
medium for 72 h; cells then were collected by centrifugation and inoculated into 
fermentation medium at an initial cell concentration of 50 g wet cells/L. The ethanol 
fermentation was conducted under oxygen-limited conditions at 37 °C for 24 h. 
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Ethanol production by strain EG-D initiated immediately after the start of 
fermentation and reached a maximum of 4.1 g/L after 6 h of fermentation. In contrast, 
strain EG-S exhibited a long lag phase before the start of ethanol production; no 
ethanol was detected until 9 h of fermentation.  
 
 
Figure I-4 Time course of direct ethanol production from cellulosic materials by recombinant 
strains EG-D and EG-S. (A) Ethanol production from β-glucan. (B) Ethanol production from 
PASC. For each strain and time point, data are presented as the mean ± SD from three 
independent experiments. 
 
The fermentation abilities of EG-D and EG-S also were evaluated by performing 
direct ethanol production from 10 g/L PASC (Figure I-4B). The fermentation was 
conducted under oxygen-limited conditions at 37 °C for 96 h with an initial cell 
concentration of 150 g wet cells/L. Ethanol production by strain EG-D peaked at 1.5 
g/L ethanol at 72 h, while the production by strain EG-S peaked at 0.6 g/L at 48 h. 
These results revealed that locating EG on the cell surface improved the ethanol 
production from both soluble and insoluble cellulosic materials. 
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Figure I-5 Time course of direct ethanol production from PASC by recombinant strains 
EG-D-CBH1-D, EG-D-CBH1-S, EG-S-CBH1-D, and EG-S-CBH1-S. For each strain and 
time point, data are presented as the mean ± SD from three independent experiments. 
 
To investigate the most suitable strategy for EG and CBH1 production, direct 
ethanol production from 10 g/L PASC was evaluated using recombinant strains 
EG-D-CBH1-D, EG-D-CBH1-S, EG-S-CBH1-D, and EG-S-CBH1-S. As shown in 
Figure I-5, after 96 h of fermentation, ethanol production by strains EG-D-CBH1-D 
and EG-S-CBH1-S peaked at 2.9 g/L and 2.6 g/L, respectively. Ethanol production by 
strain EG-D-CBH1-S peaked at 2.3 g/L at 96 h while strain EG-S-CBH1-D peaked at 
1.2 g/L at 24 h. To further characterize the fermentation capacity of our constructs, 
the strains were compared by evaluating the PASCase and individual cellulase 
enzyme activities in PASC fermentation, and by testing the strains in cell-recycle 
batch fermentation. 
 
Enzyme activity in direct ethanol production from PASC 
The cellulose degradation ability of cellulolytic strains is considered as one of 
the critical factors in the conversion of cellulose into ethanol. In this study, PASCase  
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Figure I-6 PASCase activities and cellulase activities of the cellulolytic S. cerevisiae strains 
in PASC fermentation. (A) PASCase activity at 0 h of the fermentation. (B) PASCase activity 
at 96 h of the fermentation. (C) Cellulase activity at 0 h of the fermentation. (D) Cellulase 
activity at 96 h of the fermentation. For each strain and time point, data are presented as the 
mean ± SD from three independent experiments.  
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activity represents the PASC-degradation capability of the cellulolytic yeast strains. 
The PASCase activity at 0 h and 96 h of ethanol production from 10 g/L PASC was 
investigated. As shown in Figures I-6A and I-6B, PASCase activity was highest 
(among the four recombinant yeast strains) in EG-D-CBH1-D at both 0 h (50.9 
mU/mL) and 96 h (53.6 mU/mL). The PASCase activity of strain EG-S-CBH1-S 
increased from 26.9 mU/mL at 0 h to 47.8 mU/mL at 96 h. By contrast, the PASCase 
activity of strain EG-S-CBH1-D decreased after 96 h of fermentation, exhibiting the 
lowest activity (34.1 mU/mL) compared with other recombinant yeast strains. The 
activity of BGL, EG, and CBH1 from yeast strains at 0 h and 96 h of PASC 
fermentation also was determined, as illustrated in Figures I-6C and I-6D. BGL 
activity was similar among the four recombinant strains and remained similar (within 
a given strain and among different strains) during the fermentation. EG activity at 96 
h was highest in strain EG-D-CBH1-D (24.2 U/mL) when compared with that in the 
other cellulolytic yeast strains. Initial (0 h) CBH1 activity was highest in strain 
EG-D-CBH1-D (4.7 U/mL), and lowest in strain EG-S-CBH1-S. After 96 h of 
fermentation, CBH1 levels appeared to rise similarly in the four strains, achieving 
activities of ~ 7-10 U/mL. 
 
Cell-recycle batch fermentation 
To investigate the efficiency of strains EG-D-CBH1-D and EG-S-CBH1-S in a 
continuous process, cell-recycle fermentation was conducted under anaerobic 
conditions (Figure I-7). Recombinant yeast cells were collected for recycling and 10 
g/L PASC was added into the fermentation medium at the beginning of each run. In 
the first batch, 69.3% and 55.9% of PASC (corresponding to 6.9 g/L and 5.6 g/L 
PASC) was converted into 2.9 g/L and 2.5 g/L ethanol by strain EG-D-CBH1-D and 
strain EG-S-CBH1-S, respectively. In the 3rd batch, 41.8% of PASC was consumed  
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by EG-D-CBH1-D, corresponding to ~60% of the consumption in the 1st batch.  
 
In contrast, the consumption of PASC in strain EG-S-CBH1-S decreased from 
55.9% to 19.4% after 3-cycle repeated fermentation. Correspondingly, the final 
ethanol titer generated by strain EG-D-CBH1-D was 1.7-fold higher than that 
generated by strain EG-S-CBH1-S in the 3rd batch. These results suggested that 
associating EG and CBH1 with cells facilitated retention of cellulolytic activity even 
after three cell-recycles. 
 
Discussion 
In this study, we integrated heterologous EG and CBH1 genes into the genome of 
a BGL-displaying S. cerevisiae, permitting the production of EG and CBH1 via 
cell-surface display, secretion, or a combined strategy. The recombinant strains that 
produced EG and CBH1 in the same space (on the cell surface or in the medium) 
showed superior performance in the production of cellulosic ethanol. To our 
knowledge, this is the first report on combining cell-surface display and secretion 
strategies in a single yeast strain for heterologous cellulase production.  
 
The benefits of attaching BGL to the yeast cell wall have been reported 
previously38. However, suitable strategies for EG and CBH production by cells 
remained obscure. In the present study, direct ethanol production from β-glucan and 
PASC was performed using cellulolytic yeast strains. Specifically, the production of 
ethanol was compared to investigate the suitable strategy for producing various kinds 
of cellulases. When β-glucan was used as the fermentation substrate, the ethanol 
production rate of strain EG-D was apparently higher than that of EG-S. Notably, 
strain EG-D was able to convert β-glucan into ethanol immediately after the start of 
fermentation, indicating that the displayed BGL and EG were successfully transferred 
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into the fermentation medium with the cell inoculum. In contrast, strain EG-S 
converted β-glucan into ethanol after a 9-h lag, consistent with the need for this strain 
to accumulate (via secretion) EG in the medium following inoculation. This 
phenomenon demonstrated the advantage of an EG-display system to the cellulose 
fermentation process, since display permitted early onset of the production of ethanol. 
Compared with β-glucan, PASC contains a higher degree of polymerization and 
crystallization, rendering this substrate more difficult to degrade by BGL and EG. 
Indeed, fermentation with PASC yielded apparently lower rates of ethanol production 
than those seen upon fermentation with β-glucan. The decline of ethanol observed in 
PASC fermentation is probably due to the consumption via yeast cells when cellulases 
could not hydrolyze sufficient glucose from PASC. Notably, the rate of ethanol 
production from PASC by EG-D appeared higher than that by EG-S.  
 
Subsequently, the CBH1 gene was successfully expressed along with BGL and 
EG genes in S. cerevisiae. The T. emersonii CBH1 used in this study was fused with 
the CBM of T. reesei CBH163; use of the CBM has been shown to enhance the 
adsorption of enzyme to its substrate and modify substrate surfaces to facilitate 
enzymatic hydrolysis74. We observed that co-production of CBH1 with displayed EG 
enhanced ethanol production by up to 2-fold, demonstrating that the heterologous 
CBH1 that was present assisted in the degradation of PASC. In the display strategy, 
the CBH1 gene was expressed via the SED1 expression cassette and anchored on the 
cell surface of S. cerevisiae using the SED1 anchoring domain25. It has been reported 
that the expression level of the SED1 gene was highly induced in the stationary phase 
by various environmental stresses, such as ethanol75. In the present work, expression 
of both CBH1 and EG gene by cell-surface expression cassettes (in strain 
EG-D-CBH1-D) permitted a doubling of CBH1 activity at 96 h vs. 0 h of 
fermentation, confirming the utility of the stress-induced SED1 expression cassette. 
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However, we note that the SED1 anchoring domain was fused to the C-terminus of 
the CBH1-CBM chimera protein; N- and C-terminal of CBM were fused with CBH1 
and SED1 anchoring domain respectively, which may hinder the function of the CBM. 
Alternatively, an N-terminal anchoring domain, such as the N-terminus flocculation 
functional domain of Flo1p, may be more suitable for displaying the chimeric CBH1 
containing a C-terminal CBM14. Nonetheless, to our knowledge, the present work 
represents the first report on displaying a CBH1 on the cell surface of yeast strain. 
 
In a previous report, a yeast strain displaying BGL, EG, and cellobiohydrolase 2 
(CBH2) on the cell surface yielded higher ethanol production than a strain secreting 
the corresponding enzymes in free form76. Immobilized BGL on the cell wall is 
considered more appropriate for cellulosic ethanol production compared to free BGL 
38; our use of cell-surface-displayed BGL is presumably one of the reasons for the 
elevated ethanol yields in the present study. Ethanol production by strain 
EG-S-CBH1-S was similar to that of strain EG-D-CBH1-D. To understand this 
interesting result, the mechanism of the enzymatic hydrolysis of cellulose should be 
taken into account. EG can randomly cleave the amorphous regions of cellulose to 
produce oligosaccharides and provide free chain ends for CBH activity. Then CBH1 
can initialize cleavage from the free chain ends, degrading crystalline cellulose into 
cellobioses in a processive manner 77. The binding of EG and CBH1 onto the 
cellulose surface, along with the processive movement of CBH1, are considered 
essential steps in the degradation of cellulose 77. Besides enzymes, the presence of a 
living microorganism is also important to the hydrolysis of cellulose. Generally, the 
radius of a spherical yeast cell is around 2 µm 78, which is nearly 400-fold larger than 
the hydrodynamic radius of a cellulase protein (≥ 5 nm) 79. The immobilization of 
enzymes onto the cell wall may block the movement of processive enzymes (e.g., 
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CBH1) or cause steric restriction in the collision with cellulose. As shown in Figure 
I-8A, in the case of strain EG-D-CBH1-D, three different cellulases were displayed on 
the cell-surface in a relatively close proximity (e.g., CBH1-BGL distance) compared 
to the strains constructed by the other strategies. Such co-localization is expected to 
increase the occurrence of synergistic interactions among cellulases16 and to facilitate 
the transportation of glucose into cells. However, due to the size of the cell-enzyme 
complex, the penetration of EG and CBH1 into the internal space of cellulose is 
expected to be limited; such enzyme penetration has been reported as an important 
determinant of hydrolytic rate58 80. Additionally, the processive movement of CBH1 
may be retarded due to its immobilization on the cell. In previous pre-steady-state 
analyses of CBH1 activity on cellulose, stalling of the processive movement of CBH1 
was reported to lead to lower specific activity 81, 82. By contrast, EG and CBH1 in 
strain EG-S-CBH1-S were produced as free forms (Figure I-8D), a strategy that was 
expected to decrease steric hindrance and to increase the chance of collision with the 
substrate. Although the cellulases appeared to accumulate in fermentation with 
EG-S-CBH1-S (rising from 27 mU/mL at 0 h to 48 mU/mL at 96 h), the cellulolytic 
enzyme activity was still lower than that of EG-D-CBH1-D. Additionally, the 
diffusion efficiency of enzymes might affect the ability to degrade cellulose, 
especially in a substrate with higher viscosity (e.g., PASC). Thus, co-locating EG and 
CBH1 in the same space (on the cell-surface or in the medium) is favorable for 
amorphous cellulose-based ethanol fermentation. 
 
By contrast, ethanol production levels were apparently lower in strains 
EG-D-CBH1-S and EG-S-CBH1-D. We infer that yeast cells attach to the surface of 
cellulose to facilitate the collision between immobilized cellulases and cellulose, but 
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that this proximity may block the access of secreted EG or CBH1 to the surface of the 
substrate (Figure I-8B, I-8C). For instance, the cellulase activities of strain 
EG-D-CBH1-S at 96 h were higher than those of EG-S-CBH1-S, while the PASCase 
 
 
Figure I-8 The effect of different locations of EG and CBH1 on the conversion of 
cellulose into ethanol. A EG-D-CBH1-D. B EG-D-CBH1-S. C EG-S-CBH1-D. D 
EG-S-CBH1-S. The diagrams suggest the multiple factors involved in the degradation of 
cellulose, such as the distance between synergistic enzymes (CBH1-BGL distance), the effect 
of cell-surface display on the processive movement of CBH1 (Retarded/ Un-retarded CBH1 
movement), and the steric restriction during the binding of cellulases to cellulose surface 
(Enzyme binding path)  
 
activity was lower than that of strain EG-S-CBH1-S, effects that may be due to the 
steric hindrance mentioned above. Additionally, the hydrolysis efficiency of strain 
EG-S-CBH1-D appeared to be further decreased, presumably by the retarded 
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movement of immobilized CBH1 on the cell surface, as evidenced by the lower 
PASCase activity and ethanol production obtained in strain EG-S-CBH1-D. 
Interestingly, the individual enzyme activities in strain EG-D-CBH1-D were raised 
while PASCase activity kept constant. We assume that in the case of cell-surface 
displayed cell, only the enzymes located in the contacting region between yeast cell 
and cellulose can involve in cellulose degradation. Although the individual enzyme 
activities in overall cell were raised, the improvement of cellulolytic activity in 
“attaching region” is limiting. In contrast, most of free cellulases can bind to cellulose 
and participate in hydrolysis; the increase of individual enzyme activities can be fully 
reflected on improvement of cellulolytic activity. This may also explain why the 
overall enzyme activity of strain EG-S-CBH1-S (secretion system) observably rose 
(77%) along with the increase of individual activities. Nonetheless, our results do 
indicate that the involvement of the microorganism in the synergism of cellulases may 
affect their hydrolysis efficiency towards cellulose. Moreover, the cellulose 
degradation process perhaps involves more complex interactions, such as between 
microbial cells and cellulose. Francisco et al. displayed Cex CBH on the surface of E. 
coli and found that engineered E. coli exhibited specific adhesion capacity toward 
cellulose 83. Such cell-to-cellulose adhesion pattern may lead to a distinct mechanism 
from the “ablative mechanism” 57 of free cellulases to break down cellulose. 
 
From an industrial point of view, the reuse of yeast cells through various rounds 
of fermentation may be important in the ethanol production process 84. Cell-recycle 
batch fermentation (CRBF) is a semi-continuous operation strategy using high 
densities of recycled cells to produce ethanol continuously. In previous reports, the 
CRBF of lignocelluloses was performed by the addition of large amount of 
commercial cellulases, a step that represents one of the main bottlenecks for 
commercialization85, 86. The application of a cellulolytic yeast strains to CRBF is 
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expected to decrease the need for the addition of costly commercial enzymes 39. Thus, 
in this study, the direct ethanol production from PASC using recycled cellulolytic 
cells was conducted without the addition of commercial cellulases. After a 3-batch 
recycle fermentation, our strain EG-D-CBH1-D retained 60% of the PASC 
degradation ability that the strain had in the 1st batch. This retention of activity was 
1.7-fold higher than that seen in strain EG-S-CBH1-S. The apparently lower 
degradation ability in strain EG-S-CBH1-S likely can be attributed to the loss of 
cellulases in each cycle, as most secreted enzymes were separated from cells during 
the cell collection step at the beginning of each batch. Although the amount of 
enzyme produced was sufficient for saccharification in the first batch, the ability to 
generate cellulases in each new cycle apparently declined in subsequent batches. In 
contrast, the enzymes immobilized on strain EG-D-CBH1-D showed more consistent 
activity than the activities in strain EG-S-CBH1-S during the recycling. Khaw et al. 
reported that the ethanol production rate of a yeast strain producing displayed 
α-amylase was maintained during a number of repetitions87. Consequently, the 
construction of cellulolytic yeast by cell-surface display strategy is more applicable to 
CRBF compared with the secretion strategy. Matano et al. even reported that with the 
addition of extraneous cellulases (10 FPU/g-biomass), the fermentation ability of a 
cellulase-displaying yeast strain remained constant after 5-cycle repeated-batch 
fermentation 46. However, the required amount of additional cellulase was still too 
high, precluding economic feasibility for an industrial process. In future work, we 
propose to further improve the cellulolytic activity of yeast strains and apply the 
cell-surface display strategy to ethanol production from lignocellulosic biomass (e.g., 
rice straw) with addition of trace amounts of exogenous cellulases. 
 
Conclusion 
In this study, we investigated suitable strategies for heterologous production of 
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EG and CBH1 production in the engineering of cellulolytic S. cerevisiae strains. We 
demonstrated that cell-surface display system enhanced the production rate of ethanol. 
Placement of EG and CBH1 in the same space (both on the cell surface or both 
secreted into the medium) was favorable for ethanol production from amorphous 
cellulose. In addition, a cellulolytic yeast strain producing cellulases via cell-surface 
display was more effective in the cell-recycle batch fermentation than a strain 
producing secreted cellulases. 
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Chapter II 
 
 
 
Engineering of a novel cellulose-adherent cellulolytic Saccharomyces 
cerevisiae for cellulosic biofuel production 
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Introduction 
As the demand for fossil fuels increases and atmospheric CO2 levels continue to 
rise, biofuels have attracted increasing attention as sustainable and renewable 
alternative energy sources88. Lignocellulose is a potential resource for biofuel 
generation because of its low cost and large-scale availability89. However, the need 
for high-dosages of costly commercial cellulases in the saccharification process 
makes it challenging for cellulose-based biofuels to be economically feasible6. 
Although two leading enzyme companies (Genencor and Novozymes) have 
significantly reduced cellulase prices (to 15-20 cents per gallon of ethanol produced), 
these prices are still 5- to 10-fold higher than those of the amylases used for 
starch-based biofuel production90. Thus, development of a microorganism that is 
capable of both producing cellulases and fermenting resultant sugars into biofuels is a 
promising approach to alleviate the economic burden imposed by the need for 
commercial enzymes7.  
 
Saccharomyces cerevisiae has been reported to have a superior capacity for 
converting glucose into ethanol91. However, yeast lacks the cellulolytic enzymes 
needed to degrade cellulose into glucose, such as β-glucosidase (BGL), 
endoglucanase (EG), and cellobiohydrolase (CBH). Several engineered S. cerevisiae 
strains capable of producing heterologous cellulases have been reported9, 10. However, 
these engineered strains are unable to degrade crystalline cellulose effectively 
(achieving only 8-23% hydrolysis efficiency)92, 93. This is due to insufficient 
production (or secretion) of CBH63, as CBHs are responsible for the degradation of 
crystalline cellulose and have been considered key forces in disrupting the recalcitrant 
structure of cellulose59.  
 
Up to now, cellulolytic S. cerevisiae strains have been constructed primarily via 
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either secretion or cell-surface display56. Secretion system, which releases enzymes 
into extracellular environment, is the most common route of cellulase production in 
recombinant strains. Although free enzymes can easily penetrate into the secondary 
cell wall of plant cells57, they are incapable of being recycled usage during an 
industrial process56. In comparison, a cell-surface display system permits 
immobilization of enzymes on the cell surface through glycosylphosphatidylinositol 
(GPI) anchoring of proteins14. Immobilization of numerous cellulases on a given 
microbial cell provides an effective increase of local enzyme concentration; facilitates 
synergistic interactions among enzymes; and, most importantly, enables re-utilization 
of enzymes in repeated fermentation, improving the economic feasibility of the 
process37. The cellulose degradation mechanisms of free-form cellulases and 
cellulosomes (complexed cellulase system) have been studied intensively in the last 
few decades57, 94, however, few investigations have focused on the mechanisms 
employed by cell-surface-displayed enzymes	 (non-complexed cellulase system). 
Cellulosic ethanol production using cellulase-displaying cells is gaining increased 
attention37, but information on how these cells digest cellulose to fermentable sugars 
is still unclear. 
 
To achieve commercial scale, high bioethanol productivity will need to be 
obtained from lignocellulosic waste (e.g., rice straw). However, most studies select 
only pure/model cellulose (e.g., phosphoric acid swollen cellulose (PASC) or Avicel) 
as an experimental substrate37, a model that is significantly different to real word 
ethanol fermentation from lignocellulosic feedstock. Here, we report the successful 
engineering of a cellulose-adherent S. cerevisiae strain producing heterologous BGL, 
EG, CBH1, and CBH2 via cell-surface display, permitting direct ethanol production 
from a realistic lignocellulosic substrate (rice straw). The interactions between 
engineered yeast cells and cellulose were imaged by scanning electron microscopy 
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(SEM) to demonstrate clearly the dynamic mechanisms of cell-to-cellulose adhesion. 
This work provided valuable information on how to increase cellulose hydrolysis 
efficiency by enhancing cell-to-cellulose interactions for various types of substrate, 
and therefore may lead to a feasible path towards the cost-competitive production of 
cellulosic ethanol.  
 
Materials and methods  
Media and materials 
Escherichia coli NovaBlue was grown in Luria-Bertani broth at 37 °C, and 100 
mg/L ampicillin was added to the medium when required. Yeast strains were screened 
on synthetic dextrose (SD) agar plates (6.7 g/L of yeast nitrogen base without amino 
acids and 20 g/L of glucose) supplemented with appropriate amino acids. Yeast 
strains were pre-cultured at 30 °C for 72 h in yeast extract-peptone (YP) medium (10 
g/L yeast extract and 20 g/L peptone) containing 20 g/L glucose (YPD). Cellulosic 
ethanol production was carried out at 37 °C in YP media containing different 
cellulosic materials depending on the purpose of different fermentation experiments. 
PASC was prepared from Avicel PH-101 (Fluka Chemie GmbH, Buchs, Switzerland) 
as described previously9. Rice straw was pretreated with a liquid hot water method 
(130-300 °C under a pressure of less than 10 MPa) and then subjected to 4 cycles of 
milling using a CMJ01 nano-mech reactor (Techno Eye, Tokyo, Japan)95; the 
resultant biomass was designated MC6. The composition of MC6 was 43% (w/w) 
glucan, 2% (w/w) xylan, 42.3% (w/w) ash and lignin, and 12.7% (w/w) other 
materials39. 
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Plasmid and strain constructions 
The plasmids and primers used in this study are summarized in Table II-1 and 
Table II-2, respectively. The plasmid pRDH227 was constructed by removing the C. 
lucknowense open reading frame as a 1468 bp PacI/AscI fragment from the plasmid 
pMU78463 and cloning it into the corresponding sites of pBHD197. Other plasmids 
were constructed by connecting DNA fragments using the isothermal assembly 
method66. For plasmid pDI9-CBH1D, four PCR products were connected. The four 
PCR products included the following: I9 region fragments (the 3’ non-coding region 
between gene YOR191W and YOR192C, amplified from the genome of S. cerevisiae 
BY4741 using primers pairs I9a-M-F + I9a-O-R and I9b-O-F + I9b-C1-R; ori-ampR 
fragment (from plasmid pIU-CBH1D) using primers O-I9a-F + O-I9b-R; MET15 
fragment (from plasmid pRS401) using primers M-I9a-F + M-C1-R; and T. emersonii 
CBH1-encoding surface-display cassette (from plasmid pI5-CBH1D) using primers 
C1-M-F + C1-I9b-R. To construct plasmid pDI9-CBH2D, a PCR-amplified C. 
lucknowense CBH2-encoding gene (from plasmid pRDH227, using primers C2-F + 
C2-R) and the vector backbone containing the enzyme-display cassette (from plasmid 
pDI9-CBH1D, using primers D-C2-F + P-C2-R) were linked together. Similarly, the 
CBH2 gene (primers C2-F and C2-R2) was ligated with the vector backbone 
containing the enzyme-secretion-cassette (from plasmid pDI9-CBH1D, using primers 
D-C2-F2 + P-C2-R), to yield plasmid pDI9-CBH2S. In addition, the CBH2 gene, 
enzyme-display cassette, and I5 region (the 3’ non-coding region of gene YLL055W 
and YLL054C, amplified from plasmid pI5-CBH1-D using primers D-C2-F + P-C2-R) 
were connected to yield plasmid pIU5-CBH2D. 
 
Plasmids were transformed into S. cerevisiae BY4741 using lithium acetate as 
described68, and integrated into either the I5 or I9 region by homologous 
recombination. The transformants were identified using colony PCR to check for the 
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integration of cellulase genes (using screening with primers I9-F + I9-R for I9 region 
integration or primers I5-F + I5-R for I5 region integration).  
 
Table II-2 PCR primers used in this study 
 
  
Primers Sequence (5’-3’) 
I9a-M-F ATTAATGAATCGGCCAACGCTGGATATGACTGTGTTGTTGCTGATA 
I9a-O-R GGGGGCGGAGCCTATGGAAAAACGCCAGCAACGCGG 
O-I9a-F AAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCC 
O-I9b-R GCACTTTTCGGGGAAATGTGCGCGGAACCCCTATTTGTTTATTTTTC 
I9b-O-F AAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACC 
I9b-C1-R TTTTCACCGTCATCACCGAAGGGCCCATGGCTAGGTGT 
M-I9a-F ACACACCTAGCCATGGGCCCTTCGGTGATGACGGTGAAAA 
M-C1-R TTTCACACCGCATAGATCCGACTTGTGAGAGAAAGTAGGTTTAT 
C1-M-F ACCTACTTTCTCTCACAAGTCGGATCTATGCGGTGTGAAATAC 
C1-I9b-R CAACAACACAGTCATATCCAGCGTTGGCCGATTCATTA 
C2-F AATACGTTCGCTCTATTAAGATGGCCAAGAAGTTGTTCATTACC 
C2-R GTTGATAATTTACTCGAGCCGAATGGTGGATTTGCGTTCGTTAAC 
C2-R2 CTCAATGTACTAACTGTACATTAGAATGGTGGATTTGCGTTCG 
D-C2-F CGAACGCAAATCCACCATTCGGCTCGAGTAAATTATCAACTGTCC 
P-C2-R ATGAACAACTTCTTGGCCATCTTAATAGAGCGAACGTATTTT 
D-C2-F2 ACGCAAATCCACCATTCTAATGTACAGTTAGTACATTGAGTCTAAATA 
I9-F AAGAAGAAATCCGTGCTTACACATT 
I9-R GCTATCCCATGCAAAGATTGTCAACG 
I5-F CATTGAAGAAGGGAAAGTGGTAACC 
I5-R TCCCTCTCTAATCTGGGTGAGAC 
rt-CBH1-F  CAACTTACTGTCCAGACGACGAAAC 
rt-CBH1-R AAGGAAGAACCAGAGGAGGTAACAC 
rt-CBH2-F AGAAGTCCCTAGTTTCCAATGGCTT 
rt-CBH2-R CGGCCTTATTCAAAGCTCTAACCTG 
rt-ACT1-F TGGATTCCGGTGATGGTGTT 
rt-ACT1-R TCAAAATGGCGTGAGGTAGAGA 
	 50	
Cell growth assay 
To measure the growth of yeast cells, parent strain S. cerevisiae BY4741 and 
recombinant strains were cultivated individually in SD medium at 30 °C with shaking 
at 150 rpm for 24 h. The resulting pre-cultures were inoculated into 5 mL YPD 
medium at an initial optical density (OD660) of 0.05 and cultivated at 30 °C with 
shaking at 70 rpm. The value of the OD660 was measured once hourly using a 
TVS062CA Bio-photorecorder (Advantec Toyo, Tokyo, Japan). The value of the 
OD660 was taken as an indicator of cell growth. 
 
Quantitative real-time PCR 
The transcription levels of the cellulase-encoding genes were quantified as 
described previously 69. Primers rt-CBH1-F and rt-CBH1-R were used to determine 
the transcription level of the CBH1 gene; primers rt-CBH2-F and rt-CBH2-R were 
used to determine the transcription level of the CBH2 gene. Transcription levels of the 
target genes were normalized to those of the housekeeping gene ACT1 (tested using 
primers rt-ACT1-R and rt-ACT1-F). 
 
Scanning electronic microscopy and optical microscopy 
Yeast cells were resuspended in phosphate buffer (pH 5.0) at a concentration of 
30 g wet cells/L. Subsequently, 1% (w/v) PASC or Avicel was added to the cell 
suspension, which then was incubated at 37 °C for 2 h. Cellulose fibers were fixed 
with 4% paraformaldehyde and 4% glutaraldehyde (GA) in 0.1 M cacodylate buffer 
(pH 7.4) at 4 °C. Thereafter, fibers were fixed with 2% GA in cacodylate buffer 
overnight. The samples were additionally fixed with 1% tannic acid at 4 °C for 2 h. 
After the fixation the fibers were washed with cacodylate buffer 4 times, followed by 
post fixation with 2% osmium tetroxide in cacodylate buffer for 4 h. The samples next 
were dehydrated in a graded series of ethanol solutions (50, 70, 90, and 100%), and 
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then were substituted into tert-butyl alcohol and dried by vacuum freeze drying. After 
drying, the samples were coated using an osmium plasma coater (NL-OPC80NS, 
Nippon Laser & Electronics Laboratory, Nagoya, Japan). The samples were 
visualized using a scanning electron microscope (JSM-6340F; JEOL Ltd., Tokyo, 
Japan) at an acceleration voltage of 5 kV. For observation using optical microscopy, 
post-incubation samples were directly applied onto microscope slides and imaged. 
 
Ethanol production from cellulosic materials 
Fermentations were performed at 37 °C under oxygen limited conditions at an 
agitation speed of 200 rpm in 100-mL closed bottles equipped with a bubbling 
CO2 outlet and a stir bar. Pre-cultivated cells in YPD medium were centrifuged and 
washed twice by sterilized water. The collected cells were inoculated into 20 mL YP 
medium containing 20 g/L PASC, 10 g/L Avicel, or 100 g/L MC6. Initial cell 
densities were adjusted to approximately 150 g wet cells/L. Yeast cell wet weight was 
determined by weighing a cell pellet that was harvested by centrifugation at 1,000 × g 
for 5 min. To evaluate cellulase dosages in the SSF process, commercial enzyme 
(Novozymes Cellic CTec2; Novozymes Inc., Bagsvaerd, Denmark) was added into 
medium at 0-h of fermentation at enzyme concentrations of 0, 0.2, 0.6, 1.0, 1.4, 1.8, 
2.2 FPU/g-biomass. Measurement of the filter paper cellulase units (FPU) of CTec2 
was based on the standard NREL analytical procedure 98 performed at 37 °C. The 
ethanol concentrations in the fermentation medium were determined using a gas 
chromatograph, as described previously 48. 
 
Cellulolytic activity assay 
At the 0-h and 96-h time points of ethanol production from 100 g/L MC6, 
fermentation medium was assayed for cellulolytic activities. Cellulolytic activity 
represents the degradation ability of all enzymes present in the fermentation broth. 
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Fermentation broth was added into 50 mM sodium citrate buffer (pH 5.0) containing a 
final concentration of 1% (w/v) MC6 and 100 mM methyl glyoxal (Nacalai Tesque, 
Inc., Kyoto, Japan); the methyl glyoxal prevented the assimilation of glucose by yeast 
cells 70. The reaction was performed at 37 °C using a heat block (Thermo Block 
Rotator SN- 06BN; Nissin, Tokyo, Japan) with shaking at 35 rpm, and the supernatant 
was collected by centrifugation. The amount of glucose in the supernatant was 
determined by the Glucose CII kit (Wako Pure Chemical, Osaka, Japan). One unit of 
cellulolytic activity (expressed as U/L) was defined as the amount of enzyme needed 
to produce 1 µmoL of glucose per minute at 37 °C, pH 5.0.  
 
Results 
Heterologous expression of cellulases in S. cerevisiae 
The relevant features of the recombinant yeast strains used in this study are listed 
in Table II-1. Four codon-optimized genes that encode Aspergillus aculeatus BGL1, 
Trichoderma reesei EG2, Talaromyces emersonii CBH1, and Chrysosporium 
lucknowense CBH2 were expressed and used for assembly of enzyme cocktails in S. 
cerevisiae BY4741. Cellulase enzyme encoding genes were all expressed under the 
control of the SED1 promoter, which is highly induced during the stationary-phase 
growth 75. The secretion signal peptide of BGL1 was derived from Rhizopus oryzae 
glucoamylase, while EG2, CBH1, and CBH2 were produced with their native 
secretion signals. The schemes of engineered cellulolytic yeast strains producing 
enzymes via cell-surface display or secretion are illustrated in Figure II-1. In the strain 
expressing cell-surface-displayed proteins, the enzymes were encoded fused to the 
N-terminus of Sed1, a S. cerevisiae cell wall protein rich in threonine/serine residues 
that contains a putative GPI attachment signal. Sed1p becomes the most abundant cell 
wall protein during the stationary phase of growth75. The GPI-anchor is attached to 
the Sed1-enzyme chimeric proteins in the endoplasmic reticulum and subsequently   
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transferred to the cell surface through an S. cerevisiae secretory pathway. Upon 
reaching outer layer of the cell wall, chimeric proteins are covalently bound to 
β-1,6-glucan via the GPI anchor99. In contrast, a chimeric protein lacking the Sed1 
domain passes through cell wall and is released into the extracellular medium 
(secretion system). Metabolic burden often occurs due to the expression of 
heterologous protein genes, resulting in inhibition of cell growth100. However, in the 
present study, the growth rates of the recombinant strains were similar to those of the 
parent strain (Figure II-2), suggesting that production of the heterologous enzymes did 
not impose an obvious metabolic burden.  
 
 
Figure II-2 Time-course profiles of cell growth using parent strain BY4741 and recombinant 
yeast strains in YPD medium. Each strain was inoculated in YPD medium to an initial OD660 
of 0.05 and then cultured aerobically at 30 °C, 70 rpm, for 72 h. For each strain, data are 
presented as the mean ± SD from three independent experiments. 
 
Assembly of high-efficiency enzyme cocktail 
To develop a high-efficiency cellulase system, various cellulase combinations of 
some or all of our candidate proteins were engineered, including BGL, EG, CBH1, 
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and CBH2. All enzyme gene combinations were expressed in S. cerevisiae and 
produced through cell-surface display technique. Cellulosic ethanol production using 
different recombinant strains was investigated. Pure celluloses consisting of PASC 
(amorphous type) or Avicel (crystalline type) were used as substrates. Two 
recombinant strains designated EG-D-CBH1-D and EG-D-CBH2-D (i.e., containing 
combinations of BGL+EG+CBH1 and BGL+EG+CBH2, respectively) were designed 
as “minimum enzyme cocktails”. As shown in Figure II-3, a maximal ethanol 
production of 2.3 g/L (equivalent to 23% of the theoretical value) was achieved in 
both engineered strains using PASC as the substrate (Figure II-3a). In contrast, strain 
EG-D-CBH1-D showed a higher ethanol production rate than strain EG-D-CBH2-D 
when fermenting Avicel (Figure II-3b), suggesting that the T. emersonii CBH1 is 
more effective than C. lucknowense CBH2 in the degradation of crystalline cellulose. 
 
 
Figure II-3 Time course of direct ethanol production from cellulosic materials. Ethanol was 
produced from 20 g/L PASC (a) and from 10 g/L Avicel (b). Data are presented as the means 
and standard deviations of triplicate measurements. 
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strain EG-D-CBH1-D (Figure II-4). In PASC and Avicel fermentations, strain 
EG-D-CBH1-D-CBH1-D produced ethanol at 3.1 g/L (30% of the theoretical value) 
and 0.56 g/L (11% of the theoretical value), respectively, corresponding to 1.3- and 
1.9-fold the levels seen in strain EG-D-CBH1-D (Figure II-3). To further increase the 
cellulose degradation efficiency, a strain (designated EG-D-CBH1-D-CBH2-D) that 
contained genes encoding BGL, EG, CBH1, and CBH2 was designed; this strain 
generated an ethanol titer of 6.7 g/L from PASC (66% of the theoretical value) and 
1.4 g/L from Avicel (27% of the theoretical value), which are 2.9-fold and 4.5-fold 
higher than strain EG-D-CBH1-D. These results suggested that introduction of a 
second copy of the CBH1-encoding gene only slightly improved the cellulolytic 
activities, while the combination of both CBH1- and CBH2-encoding loci yielded a 
greater enhancement in the efficiency of cellulose hydrolysis. 
 
 
Figure II-4 Relative transcription levels of CBHI and CBH2 genes in recombinant yeast 
strains. Gene ACT1 was used as the internal standard. The relative transcription levels are 
shown normalized to the level observed in strain EG-D-CBH1-D-CBH2-D, whose relative 
transcription level was defined as 1. For each strain, data are presented as the mean ± SD 
from three independent experiments. 
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Performance of enzyme-secreting and -displaying cells in cellulose degradation 
We next compared the cellulose fermenting efficacy of S. cerevisiae strains 
expressing the EG, CBH1, and CBH2 cellulases via either cell-surface display or 
secretion. As depicted in Figure II-5, the cellulase-displaying cells 
(EG-D-CHB1-D-CBH2-D) showed better ethanol yield (63% of the theoretical yield) 
from PASC than was seen from cellulase-secreting cells (EG-S-CBH1-S-CBH2-S, 54% 
of the theoretical yield), which is in good agreement with previous studies 101.  
 
 
Figure II-5 Time course of direct ethanol production using recombinant strains 
EG-D-CBH1-D-CBH2-D and EG-S-CBH1-S-CBH2-S. Ethanol was produced from 20 g/L 
PASC (a) and from 10 g/L Avicel (b). Data are presented as the means and standard 
deviations of triplicate measurements. 
 
Observation of enzyme-secreting and -displaying cells in cellulose degradation 
Based on the SEM observation shown in Figure II-6a, PASC appeared to form a 
more sponge-like surface material than Avicel. After incubation of yeast cells with 
cellulose, numerous cellulase-displaying cells (EG-D-CBH1-D-CBH2-D) remained 
attached to the PASC surface, while very few cellulase-secreting cells 
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(EG-S-CBH1-S-CBH2-S) were retained on the cellulose surface (Figure II-6b).  
 
 
 
Figure II-6 SEM micrographs of the interactions between cellulolytic S. cerevisiae cells and 
cellulosic materials. Interactions with PASC (a, b) and with Avicel (c, d). Cellulolytic cells 
(30 g/L) were incubated with 1% cellulosic materials (PASC or Avicel) for 2 h, and the 
cellulosic materials were used for SEM imaging. Scale bars are 10 µm. 
 
 
EG-D-CBH1-D-CBH2-D EG-S-CBH1-S-CBH2-S
A PASC
c Avicel 
b PASC
d Avicel
10 µm 10 µm
10 µm 10 µm
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Notably, the adhesion between displayed cells and sponge-like cellulose (PASC) 
was clearly observed in Figure II-7, showing that the displayed cells are tightly bound 
to cellulose filaments. Unlike the enzyme-secreting strain, which digests the cellulose 
via free-form enzymes (such that yeast cell need have no direct interaction with 
cellulose), the enzyme-displaying strain apparently mediates cellulose degradation via 
attachment to the cellulose surface, which presumably significantly shortens the 
distance between microbe and substrate. However, interestingly, no obvious 
difference in ethanol titer between enzyme-displaying and -secreting cells was 
observed in Avicel fermentation (around 32% Avicel conversion, Figure II-5b), which 
may reflect lower binding efficiency of displayed cells to Avicel than to PASC 
(Figure II-6). We hypothesize that rough, sponge-like structure of PASC provides 
greater surface area and fine structures, thereby facilitating adhesion of displaying 
cells and promoting degradation of the substrate. To our knowledge, this is the first 
report on observation of the adhesion between cellulolytic yeast cells and cellulose. 
 
To better understand the dynamic degradation mechanisms employed by 
displaying or secreting cells, the morphological changes of celluloses after 24 h 
degradation were monitored (Figure II-8). Cellulose fibers (both PASC and Avicel) 
were observed to be disrupted into small, irregular pieces. In contrast, the cellulose 
fibers digested by secreting cells appear to be evenly ablated from the outer layer of 
microfibers, which is consistent with a previous report 57.   
	 60	
 
 
 
 
1 
µm

1 
µm

Fi
gu
re
 I
I-
7 
SE
M
 m
ic
ro
gr
ap
hs
 o
f 
th
e 
in
te
ra
ct
io
ns
 b
et
w
ee
n 
PA
SC
 a
nd
 E
G
-D
-C
B
H
1-
D
-C
B
H
2-
D
 c
el
ls
. 
Th
e 
ob
se
rv
at
io
n 
co
nd
iti
on
s w
er
e 
th
e 
sa
m
e 
as
 th
os
e 
us
ed
 in
 F
ig
ur
e 
II
-6
. S
ca
le
 b
ar
s 
ar
e 
1 
µm
. 
	
	 61	
 
Figure II-8 Micrographs of PASC (a, b) and Avicel (c, d) degradation process by cellulolytic 
S. cerevisiae. Cellulolytic cells (30 g/L) were incubated with 1% cellulosic materials for 24 h 
at 37 °C. Cellulosic materials were sampled and directly applied to microscope slides for 
observation. Scale bars are 10 µm. The arrows indicate the different cellulose degradation 
tendencies of cellulolytic yeasts: strain EG-D-CBH1-D-CBH2-D tended to conduct 
degradation via tearing cellulose fibers into smaller pieces, while EG-S-CBH1-S-CBH2-S 
equably eroded cellulose from the outer surface. 
 
  
a PASC
c	Avicel
b PASC
d Avicel
EG-D-CBH1-D-CBH2-D EG-S-CBH1-S-CBH2-S
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Targeted pre-treatment of rice straw 
To verify our hypothesis, that higher ethanol yield can be obtained using rough, 
sponge-like cellulose as a substrate that provides more surface area and finer structure 
for adhesion by enzyme-displaying yeast cells, the surface properties of cellulose 
obtained from agricultural waste (specifically, from rice straw) were altered. Liquid 
hot water (LHW) pretreatment has been reported to disrupt recalcitrant microstructure 
and remove 35–60% of the lignin and all of the hemicellulose from lignocellulose 
materials102; separately, milling has been reported to reduce particle size and 
crystallinity of lignocellulose, resulting in increased surface area for enzymatic attack 
103. In the present study, rice straw was treated with LHW plus 4 cycles of milling, 
and the resultant biomass was designated MC6. The morphological characteristics of 
rice straw and MC6 were observed by SEM (Figure II-9aI, II). Unprocessed rice straw 
exhibited a flat, rigid, and compact surface, while the surface of MC6 was rough and 
sponge-like. The average diameters of MC6 particles were about 20- to 50-fold 
smaller than those of rice straw. These results suggested that LHW and milling 
pretreatment significantly altered the surface characteristics of rice straw into a more 
sponge-like structure with increased surface area.  
 
It was also observed that more cellulolytic cells adhere to MC6 fibers than to 
unprocessed rice straw (Figure II-9aI’, II’), a result that correlated with the obtained 
ethanol concentrations (Figure II-9b). These results suggested that rough, sponge-like 
cellulose particles facilitated cell-to-cellulose adhesion, thereby improving cellulose 
degradation.  
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Figure II-9 Comparison of cellulosic feedstock rice straw with MC6 for cellulosic ethanol 
production. (a) SEM micrographs of the surface structures on cellulosic materials (I, II); 
observation of adhesion between strain EG-D-CBH1-D-CBH2 and cellulosic materials using 
optical microscopy (I’, II’). (b) Ethanol yields at 96 h of fermentation from 25 g/L rice straw 
and MC6, respectively. Data are presented as the means and standard deviations of triplicate 
measurements.  
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Evaluating the feasibility of high-density cellulosic ethanol production 
To test the feasibility of high-density cellulosic ethanol production using strain 
EG-D-CBH1-D-CBH2-D, fermentation was conducted using 100 g/L MC6 as the 
substrate. Only 1.3 g/L ethanol (7% of the theoretical yield) was produced by 
enzyme-displaying cells after 96 h fermentation, while no ethanol was obtained by 
wild type strain (BY4741). Considering the low ethanol yields in both two strains 
(Figure II-9b), the inclusions of small amounts of exogenous commercial enzyme 
(C-Tec2) were still required to support hydrolysis of MC6. To address the economic 
feasibility of fermentation of MC6 using the enzyme-displaying strain, the potential 
diminution of C-Tec2 supplementation by using displaying cells was assessed. As 
shown in Figure II-10a, the ethanol yield from EG-D-CBH1-D-CBH2-D fermentation 
of MC6 was 7-fold increased by addition of trace amount of exogenous C-Tec2 (0.2 
FPU/g-biomass). Specifically, the inclusion of 1.0 FPU/g-biomass C-Tec2 together 
with displaying cells provided a high cellulosic ethanol yield of 18 g/L, equivalent to 
80% of the theoretical value. The result represents an approximately 44% decrease of 
the required enzyme dosage compared to that required for M6 fermentation by the 
wild-type strain. Additionally, although approximately half of the C-Tec2 activity was 
lost after 96 h of fermentation, the cellulolytic activities from displaying cells 
(indicated as the activity difference between EG-D-CBH1-D-CBH2-D and BY4741 
fermentations) persisted (Figure II-10b), demonstrating the feasibility of recycling of 
cellulase-displaying yeast cells.  
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Discussion 
One of the main bottlenecks impeding the widespread production of cellulosic 
bioethanol is the large amount of costly commercial enzymes required for hydrolysis 
of cellulose7. As described in this work, a cellulose-adherent S. cerevisiae that 
displayed BGL, EG, CBH1, and CBH2 on the cell surface was constructed through a 
series of rational designs. It was demonstrated that the cellulase-displayed yeast strain 
employed a cell-to-cellulose adhesion and a “tearing” pattern as parts of its 
cellulose-degradation mechanism, which differed from those of strains producing 
free-form enzyme. Appropriate pretreatment of lignocellulose materials aiming to 
enhancing cell-to-cellulose interactions dramatically enhanced cellulosic ethanol yield. 
The resultant cellulose-adherent S. cerevisiae may significantly reduce the need for 
exogenous enzyme, potentially alleviating the bottleneck in commercial production of 
cellulosic bioethanol.  
 
A crucial point in assembly of the cellulase cocktail is to maximize the 
synergistic actions among enzymes. Both CBH1 and CBH2 are known to act as 
exoglucanases, initiating cleavage of cellulose chains from reducing and non-reducing 
ends, respectively8. In this study, T. emersonii CBH1 appeared more important than C. 
lucknowense CBH2 in the synergism with BGL and EG (especially in Avicel 
fermentation), but we found that providing both CBH1 and CBH2 in enzyme cocktail 
was more effective on improving cellulolytic activities than increasing the proportion 
of CBH1 (here, by doubling the gene dose of the CBH1 encoding locus). This is 
because CBH2 can synergistically enhance the hydrolysis efficiency of CBH1, that it 
diminished the bumpy surface on cellulose, apparently preventing CBH1 from getting 
stuck during processive movement104. To date, a maximum of three kinds of 
cellulases (non-complexed cellulase system) have been simultaneously displayed on 
one single cell, because of the difficulty in displaying stable and functional 
	 67	
heterologous proteins on the microbial surface. In the present work, we provided the 
first report (to our knowledge) of tethering four types of heterologous cellulases to the 
surface of a single yeast cell. The resulting strain exhibited significantly higher 
ethanol yield from both amorphous cellulose and crystalline cellulose compared to the 
cellulolytic yeast strains previously described in relevant studies. 
 
Most reports have assessed enzyme production strategies using amorphous 
cellulose as substrate, and the cellulosic ethanol yield obtained with cell-surface 
display systems was generally higher than that obtained with secretion systems 42, 105. 
However, we proved that the performance of each system is actually 
substrate-dependent. The higher ethanol yields in enzyme-displaying systems are 
obtained only using amorphous cellulose as substrate, indicating that there is likely 
unique interactions between displaying cells and substrate, differing from those that 
occur in secreting cell. Cellulase-displaying cells degrade cellulose via tight 
attachment onto cellulose filaments, while cellulase-secreting cells did not exhibit 
obvious interactions with substrate. One of the reasons for the cell-to-cellulose 
adhesion is the high affinity of the carbohydrate binding domain (CBD) in cellulase 
towards cellulose106, and anchoring cellulase on cell surface results in a higher affinity 
of cells towards cellulose. Increased adhesion of Escherichia coli to cotton fibers has 
been demonstrated via anchoring the CBD from CBH onto the cell surface 83. We also 
found that the adhesion between displaying cells and cellulose correlates with the 
hydrolysis efficiency of cellulose. Electron microscopy (Figure II-7) clearly illustrated 
that the swollen, rough microfibers of PASC can encircle the cellulase-displaying 
cells, thereby enhancing the adhesion between cells and cellulose, which may explain 
the higher ethanol yield obtained from PASC using displaying cells. The 
cellulose-adherent characteristic of enzyme-displaying cells is expected to shorten the 
distance between cells and substrates, thereby facilitating the mass transfer of 
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hydrolysis products, particularly in high-density fermentation.  
 
Notably, two distinct cellulose-degradation mechanisms are proposed based on 
the morphological changes of cellulose caused by both displayed and secreted cells 
(Figure II-8). The results indicated that the cell-surface display system tends to 
increase the accessible surface area for cell-adhesion by tearing microfibers from 
cellulose particles. In contrast, free (secreted) enzymes equably erode cellulose 
surface and diminish particle size, consistent with a previous report that free enzymes 
employ an ablative, fibril-sharpening mechanism during cellulose degradation107. A 
potential explanation for the different mechanisms is the distinct enzyme-to-substrate 
interactions represented by the two systems. It has been known that free enzymes 
repeatedly associate and dissociate with cellulose to avoid getting stuck during 
processive movement81. In contrast, owing to cell-to-cellulose adhesion, the 
processive movements of surface-displayed enzymes are slowed down; enzymes are 
entrapped on cellulose and digestion proceeds without repeated cycles of association 
and dissociation with the substrate. As a result, the displayed cellulases are more 
likely to carry out deeper directed digestion of cellulose particles than are free 
enzymes, resulting in the splayed morphology observed in Figure II-8.  
 
Natural lignocellulose (e.g., rice straw) is usually rigid and lacks the rough, 
intricate surface structures presented in PASC. Thus, to increase the adhesion between 
natural lignocellulose and cellulase-displaying yeast, the surface structures of rice 
straw were broken into more “sponge-like” materials via pretreatment by LHW and 
milling. In our work, cellulase-displaying yeast cells preferred to attach to MC6 and 
exhibited dramatically higher hydrolysis rates than those seen with untreated rice 
straw, presumably because the MC6 has more surface area with favorable sites for 
cell-to-cellulose adhesion. Thus, appropriate pretreatment of lignocellulose, which 
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adopts the cell-to-cellulose adhesion pattern in combination with cellulase-displaying 
yeast, is expected to effectively promote the degradation efficiency. Although the 
optimal biomass pretreatment combined with free-cellulase-mediated saccharification 
has been extensively studied103, the pretreatment process suitable for 
surface-displayed cellulases still remains obscure. Pretreatment by steam explosion 
has been reported to be capable of producing pores with 3-nm to 1-µm diameters on 
the surface of lignocellulose108, facilitating the access of free enzymes (approximately 
5.1 nm in diameter) to the interior of cellulose particles109. However, the 
enzyme-displaying cells (around 3 µm) would not be able to enter pores of this size; 
such cells would instead be expected to digest the substrate primarily by “shaving” 
cellulose fibers from the external surface of substrate particles. As a result, such a 
“pore-punching” pretreatment process may be not ideal for cell-surface display 
hydrolysis systems. On the contrary, the method of ammonia fiber expansion (AFEX) 
pretreatment can effectively increase the surface roughness of lignocellulose materials 
110, which likely will be of greater use in combination with cell-surface display 
systems. 
 
Natural lignocellulose is commonly considered as the most rigid substrate 
resistant to digestion, and impossible to degrade by cellulolytic yeast strains in the 
absence of exogenous enzymes. Even with addition of exogenous enzymes, natural 
lignocelluloses rarely provide high ethanol yields (over 80% of theoretical value) 
when used as the substrate for simultaneous saccharification and fermentation (SSF) 
111. In the reported SSF for bioethanol production mediated by S. cerevisiae, cellulase 
loadings of 15-30 FPU/g-biomass are generally used, depending on the specific 
substrate 112, 113. Recently, Matano et al. reported the use of cellulase-displayed yeast 
strain to diminish cellulase dosage to 10 FPU/g-biomass in ethanol production from 
LHW-pretreated rice straw 46. Surprisingly, the engineered cellulose-adherent S. 
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cerevisiae in the present study is capable of converting pretreated rice straw into 
ethanol without commercial enzyme addition. To our knowledge, this is the first 
report of direct ethanol production from nature lignocellulose using a cellulolytic 
yeast strain, presenting a new potential towards making efficient use of lignocellulose. 
Moreover, nearly 80% of ethanol theoretical yield was achieved in the presence of 
only 1 FPU/g-biomass C-Tec2, a quantity that represents a 44% decrease of enzyme 
loading compared with that required in non-cellulolytic S. cerevisiae and a much 
lower enzyme dosage compared with other reports. Meanwhile, the enzymes 
immobilized on the cell surface appeared higher stability during the fermentation than 
did commercial enzymes. This observation is in agreement with the previous report 
that tethering of enzymes to solid supports can increase the protein stability under 
non-optimal reaction conditions such as low temperature and organic solvent 
composition 114. The retention of activities in displayed enzymes also demonstrates the 
feasibility of using cell-surface display in cell-recycling processes. By constructing a 
novel cellulose-adherent S. cerevisiae with surface-displayed cellulases, we 
successfully demonstrated the concept of enhancing cell-to-cellulose interactions to 
effectively alleviate the requirement for high doses of supplemental enzymes in 
cellulosic ethanol production. Further improvement of cell-to-cellulose adhesion (e.g., 
increased display of carbohydrate binding domains) combined with the increased 
cellulolytic activities on yeast surface is expected to provide a viable model for 
implementation of economically feasible cellulosic ethanol production. 
 
Conclusion 
In this chapter, we engineered a high-efficient cellulolytic S. cerevisiae with 
displaying four different synergistic cellulases (BGL, EG, CBH1, and CBH2) on the 
cell surface simultaneously. The engineered yeast cells exhibited clear 
cell-to-cellulose adhesion and a “cellulose-tearing” pattern during cellulose 
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degradation. Notably, this strain could directly produce ethanol from rice straw; it 
requires only 1.8 FPU/g-biomass commercial cellulases to achieve ethanol yield of 80% 
from 100 g/L rice straw, cutting down more than 40% of the required enzymes under 
high-dense fermentation. Our study also provides a novel strategy that improves 
cellulose hydrolysis via enhancement of cell-to-cellulose interactions.  
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Chapter III 
 
 
 
Efficient ethanol production from crystalline cellulose using 
high-cellulolytic Saccharomyces cerevisiae with optimized cellulase 
ratios on the cell surface 
  
	 73	
Introduction 
Production of biofuels to replace the exhausting fossil fuels is gaining increasing 
prominence worldwide. Cellulosic biomass presents the most renewable feedstock for 
sustainable production of biofuels because of its abundance, low-price, and favorable 
environmental properties115. Cellulose is composed of long-chain of glucose 
monomers via β-1,4-glycosidic bonds. The extensive hydrogen linkages among chains 
lead to a rigid structure of mostly well-ordered crystalline domains and small part of 
disordered amorphous domains80. The crystallinities in natural cellulosic materials are 
90-100% in plant-based fibers and 60-70% in wood-based fibers116. The crystalline 
cellulose is resistant to the access of reactant and enzyme, whereas amorphous 
cellulose is readily digestible6. It has been postulated that the efficient hydrolysis of 
crystalline cellulose will enable the commercialization of cellulosic biofuels 
production. 
 
Efficient degradation of cellulose requires a synergistic reaction of the 
cellulolytic enzymes including β-glucosidase (BGL), endoglucanase (EG), and 
cellobiohydrolase (CBH). EG randomly degrades the non-crystalline region of the 
cellulose; CBH attacks the exposed end of cellulose chain, degrading crystalline 
cellulose into cellobioses; BGL	degrades cellooligosaccharide into glucose117. To date, 
a variety of cellulolytic biofuel-producing microorganisms have been constructed via 
expressing heterologous cellulases in a strategy of either cell-surface display or 
secretion9, 50, such as displaying cellulases on the surface of Saccharomyces 
cerevisiae. Although these microbes are capable of well degrading amorphous 
cellulose (e.g., phosphoric acid swollen cellulose (PASC)), few of them can 
efficiently hydrolyze crystalline cellulose (usually 10-30% hydrolysis of cellulose)63, 
92. Liu et al. obtained a recombinant S. cerevisiae with BGL, EG, CBH1 and CBH2 
activities, which achieved an ethanol yield of 66% from PASC, but only a yield of 27% 
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from Avicel (microcrystalline cellulose)118. This is because most of current researches 
are focusing on overexpression of cellulase genes25 or improving the secretory level 
of cellulases41, while few of them working on the optimization of enzyme ratios in 
recombinant cellulolytic strains. The optimal ratio of synergisitic cellulase is one of 
the most critical determinants in the hydrolysis of crystalline cellulose, and it differs 
depending on the types of cellulose (e.g., resource, proportion of crystalline and 
amorphous domains). Yamada et al. constructed a variety of cellulolytic yeast strains 
containing different cellulase ratios (BGL, EG, CBH2). They found that the strains 
with high degradation abilities towards amorphous cellulose generally used EG as the 
principal proportion in total cellulase mixture44. Nonetheless, due to the preferences 
of cellulase to substrate (EG prefers amorphous domain, while CBH targets on 
crystalline domain)115, CBH activity should be more important than EG activity 
during the degradation of crystalline cellulose. Thus, engineering of a recombinant 
strain with the optimal cellulase ratio (perhaps taken CBH as the major proportion) is 
assumed to achieve the efficient utilization of cellulosic biomass. Currently, the 
optimal cellulase ratio that immobilized on cell surface for crystalline cellulose 
degradation remains obscure. 
 
In this chapter, to engineer the cellulase-displaying yeast pools with various 
enzyme ratios, we employed cocktail δ-integration method44 to incorporate 
multi-copy of cellulase genes (EG, CBH1, and CBH2) into the genome of a 
BGL-displaying S. cerevisiae simultaneously. The cocktail-strains exhibiting higher 
Avicel degradation abilities than strain EG-D-CBH1-D-CBH2-D (the strain 
containing single-copy of each cellulase gene, constructed in Chapter II) were 
selected to analyze the enzyme ratios on the cell surface using nano LC-MS/MS. To 
our knowledge, this is the first work on relative quantitation of four kinds of cellulase 
(BGL, EG, CBH1, and CBH2) anchored on one yeast cell, and the first to investigate 
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the optimal enzyme ratio for crystalline cellulose degradation, which therefore may 
lead to a feasible path towards the efficient utilization of natural cellulosic materials.  
 
Materials and methods 
Strains and media 
All yeast strains used in this study (Table III-1) are derived from strain S. 
cerevisiae BY4741 (MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0). The Escherichia coli 
strain NovaBlue (Novagen, Inc., Madison, WI, USA) was used for maintenance and 
amplification of plasmid DNA. Bacterial cells were grown at 37 °C in Luria-Bertani 
broth (10 g/L tryptone, 5 g/L yeast extract, and 5 g/L sodium chloride) containing 100 
mg/L ampicillin. Yeast strains were pre-cultivated in synthetic dextrose (SD) medium 
(6.7 g/L of yeast nitrogen base without amino acids (Difco Laboratories, Detroit, MI, 
USA) and 20 g/L of glucose) supplemented with appropriate amino acids in a shaker 
incubator (150 rpm) at 30 °C, and then aerobically cultivated at 30 °C in YP medium 
(20 g/L peptone, 10 g/L yeast extract) and 20 g/L glucose. Ethanol fermentation was 
performed in YP medium containing either 10 g/L Avicel PH-101 (Fluka Chemie 
GmbH, Buchs, Switzerland) or 100 g/L MC6 as carbon sources. MC6 was prepared 
from rice straw, as previously described95.  
 
Plasmid construction and cocktail δ-integration 
The vectors and primers used in this study are listed in Table III-1 and Table 
III-2, respectively. The δ-integrative plasmid pδEG-D was constructed as followed: 
the δ DNA fragment was amplified from plasmid pδW by PCR using primers δ-F and 
δEG-R. The cell-surface display cassette, which includes SED1 promoter, SED1 
anchoring region, and SAG1 terminator was amplified from plasmid pIL2-EGD using 
primers SEG-F and S-R. Two DNA fragments were linked together by the isothermal 
assembly method66 to yield the plasmid pδEG-D. The constructions of plasmids 
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pδCBH1-D and pδCBH2-D were performed by a process similar to the above 
description. The δ DNA fragment was amplified from plasmid pδW using primers δ-F 
and δC1-R for the construction of pδCBH1-D (primers δ-F and δC2-R for 
pδCBH2-D), and fused with the PCR product amplified from plasmid pIU5-CBH1D 
via primers SC1-F and S-R to construct pδCBH1-D (amplified from pDI9-CBH2D via 
primers SC2-F and S-R to construct pδCBH2-D). 
 
Table III-2 PCR primers used in this study 
Primers  Sequence (5’-3’)	
δ-F TCACTGGATCTGCATTGAGAAATGGGTGAATGTTGAG 
δEG-R CCACAGTTGATGTGGTGTTGGAATAGAAATCAACTATCATC 
δC1-R GCTGTGGCAGGTTGTTGTTGGAATAGAAATCAACTATCATC 
δC2-R TCTCTTTTATAGGAATGTTGGAATAGAAATCAACTATCATC 
SEG-F ATTTCTATTCCAACACCACATCAACTGTGGGAATAC 
SC1-F ATTTCTATTCCAACAACAACCTGCCACAGCTTTTCAA 
SC2-F ATTTCTATTCCAACATTCCTATAAAAGAGAAGCGTATAAAAC 
S-R TTCACCCATTTCTCAATGCAGATCCAGTGAGCG 
 
Plasmids were transformed into S. cerevisiae BY4741 using lithium acetate as 
described68. In cocktail δ-integration method, identical amounts of three δ-integrative 
plasmids (over 20 µg of each plasmid), pδEG-D, pδCBH1-D, and pδCBH2-D, were 
mixed and transformed simultaneously. The transformants with the highest 
cellulolytic activities were selected based on their degradation abilities towards 
crystalline cellulose. Cell growth of parent strain S. cerevisiae BY4741 and 
recombinant strains were measured as described by Liu et al96. 
 
Avicelase activity assay 
The Avicelase activity of yeast cells was determined to indicate their degradation 
ability towards microcrystalline cellulose. Recombinant colonies were picked up and 
	 78	
cultivated at 30 °C for 24 h in SD medium. The culture was then inoculated into YPD 
medium, and grew at 30 °C, 300 rpm for 72 h. Yeast cells were subsequently 
collected via centrifuge and washed twice by sterilized water. The Avicelase activities 
of transformants were performed in a 48-well microplate. Each well involves 1% 
Avicel solution, 100 mM methylglyoxal (Nacalai Tesque, Inc., Kyoto, Japan) and 100 
g wet cells/L. The enzymatic reaction was carried out at 50 ºC, 300 rpm for 24 h. The 
Avicelase activity of strain EG-D-CBH1-D-CBH2-D was used as control. 
Methylglyoxal has been reported to inhibit the transportation of glucose into cells119. 
The yeast cell surface glucose sensors Rgt2 and Snf3 act as glucose receptors that 
detect extracellular glucose and generated an inductive signal for gene expression of 
glucose transporters. Methylglyoxal can inactivate these glucose sensors, blocking the 
production of glucose transporter119. As a result, the glucose generated from Avicel 
degradation is remained in supernatant, rather than being assimilated by yeast cells. 
After the reaction, the supernatant was obtained by centrifugation at 8,000 × g, 10 min, 
4 °C. Glucose concentration in the supernatant was measured by the Glucose CII kit 
(Wako Pure Chemical Industries, Ltd., Osaka, Japan). The principle of Glucose CII 
kit is followed: the α-D-glucose existing in the sample is converted rapidly to 
β-D-glucose under the action of mutarotase. β-D-glucose is oxidized by glucose 
oxidase (GOD) to produce hydrogen peroxide, which is subsequently converted into 
red pigment using peroxidase (POD). The absorbance of pigment is measured at 505 
nm. One unit of Avicelase activity (U/mL) was defined as the amount of enzyme 
needed to produce 1 µmoL of glucose per 24 h at 50 °C, pH 5.0. 
 
Ethanol production from cellulosic materials 
Fermentations were performed at 37 °C at an agitation speed of 200 rpm in 30 
mL glass serum bottles, which are sealed using rubber stoppers with a needle for the 
removal of CO2 produced during fermentation. Pre-cultivated cells in YPD medium 
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were centrifuged and washed twice by sterilized water. The collected cells were 
inoculated into 10 mL YP medium containing 10 g/L Avicel, or 100 g/L MC6. 
Pre-cultures of yeast strains were inoculated with an average cell concentration of 
150 g wet cells/L. The ethanol concentrations in the fermentation medium were 
determined using a gas chromatograph, as described by Yamada et al48.  
 
Results 
Screening of transformants with increased cellulose degradation abilities 
Three cellulase genes, EG, CBH1, and CBH2 were introduced into a 
BGL-displaying yeast (strain BY-BG-SS, described in Chapter I) simultaneously 
using different amino acid markers (Figure III-1). As a result, a pool of recombinant 
yeasts with various enzyme ratios was constructed. Then the strains with optimized 
enzyme ratios were screened from over 500 numbers of transformants based on their 
degradation abilities toward Avicel (namely, Avicelase activity). Twenty-nine 
transformants exhibiting higher Avicelase activities than that of control strain 
EG-D-CBH1-D-CBH2-D were illustrated in Figure III-2. The Avicelase activities in 
δ-integrated strains were mostly over 20% higher than that in single-integrated strain 
(Control). Strain B6 showed the highest Avicelase activity (97 U/mL), corresponding 
to 1.5-fold the level seen in control strain. Alternatively, the Avicelase activity of 
strain A26 (89 U/mL) was appropriately 43% higher than that of control strain. These 
results demonstrate that it is efficient to reach high cellulolytic activities in yeast cells 
through expression of multiple-copy cellulase gene. The enzyme ratios on the cell 
surface are still under analysis. 
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Cell growth and cellulosic ethanol production 
Generally, overloaded expression of heterologous proteins in yeast cell leads to 
decreases in cell growth and ethanol fermentation capacity, referred as the metabolic 
burden. Thus, the growth deficiency associated with metabolic burden should be 
considered in the development of cellulolytic yeast strains. A cell growth comparison 
of cocktail δ-integrated strains and control strain is presented in Table III-3. Aerobic 
conditions were used to fully understand the underlying metabolic effects associated 
with recombinant protein production. Although most of the δ-integrated strains 
showed limited metabolic burden on cell growth compared with reference strain, six 
transformants exhibited significant decrease in cell growth. The maximum specific 
growth rate (µmax) of strains B12, B26 (0.35 h-1) are significantly lower than that of 
control (0.44 h-1); the periods of lag phase in strains B24 (3 h), B26 (4 h), and B37 (4 
h) are longer than in the other strains (2 h). Notably, although strain A24 showed 
similar values of µmax and lag phase to those of control strain, it still yielded a 
relatively low biomass concentration after 12 h cultivation, because its increase speed 
of specific growth rate (µ) was slower than the control in exponential phase.  
 
Subsequently, to obtain a high-cellulolytic yeast strain without growth deficiency 
associated with metabolic burdens, the cellulosic ethanol yields of cocktail 
δ-integrated strains were investigated. As shown in Figure III-3, most of 
transformants gained higher ethanol yields from Avicel than the single-integrated 
control strain (39%). Strain A26 achieved the highest cellulosic ethanol yield (57%, 
corresponding to 1.46-fold of control strain) without any metabolic burden on cell 
growth. On the contrary, some growth-deficient strains appeared much lower ethanol 
yield than the control, indicating that metabolic burdens probably influence the 
ethanol fermentation capacities in yeast cells. Interestingly, growth-deficient strain 
A24 (with an ethanol yield of 55%) showed 1.41-fold of reference strain, suggesting  
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Table III-3 Growth of cocktail δ-integrated strains. Cell growth was measured under aerobic 
condition in YPD medium. Mean values from triplicate experiments with standard deviations 
are shown. 
Strains 
Lag phase 
(h) 
Specific growth rate 
(µmax/ h) 
12 h biomass concentration 
(OD660) 
Control 2 0.44±0.02 1.83±0.07 
A1 2 0.40±0.01 1.62 ±0.19 
A15 2 0.41±0.02 1.65±0.05 
A16 2 0.38±0.01 1.31±0.17 
A18 2 0.44±0.02 1.82±0.18 
A23 2 0.42±0.02 1.60±0.03 
A24 2 0.40±0.02 0.92±0.05 
A26 2 0.44±0.01 1.73±0.10 
A27 2 0.41±0.02 1.65±0.09 
B6 2 0.47±0.02 2.05±0.13 
B12 2 0.35±0.02 1.11±0.09 
B15 2 0.49±0.04 2.08±0.25 
B19 2 0.44±0.02 2.00±0.33 
B20 2 0.43±0.01 1.83±0.07 
B22 2 0.41±0.01 1.61±0.12 
B23 2 0.44±0.02 1.89±0.22 
B24 3 0.45±0.02 1.00±0.16 
B26 4 0.35±0.01 0.40±0.38 
B30 2 0.43±0.02 1.91±0.04 
B37 4 0.40±0.02 0.93±0.12 
C1 2 0.41±0.02 1.98±0.13 
C4 2 0.46±0.01 2.03±0.05 
C5 3 0.42±0.03 1.51±0.07 
C6 2 0.45±0.04 2.05±0.06 
C9 2 0.45±0.01 2.00±0.17 
C11 2 0.42±0.02 1.97±0.19 
C18 2 0.46±0.02 2.00±0.24 
C20 2 0.45±0.01 1.94±0.03 
C21 2 0.44±0.02 2.30±0.15 
C25 2 0.41±0.02 1.50±0.09 	
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that its cellulolytic activities on the cell surface is possibly high enough to make up 
the deficiency of metabolic burden. The amount of cellulase displayed on yeast 
surface will be evaluated via nano LC-MS/MS in the further experiment. Considering 
of heterologous protein expression and metabolic burdens, strain A26 emerges as the 
best one among the cocktail δ-integration strains. 
 
 
 
Figure III-3 Cell growth and cellulosic ethanol yields of cocktail δ-integrated strains. 
Single-integrated strain EG-D-CBH1-D-CBH2-D was used as control. Ethanol was produced 
from 10 g/L Avicel. The condition of cell growth measurement is the same with that in Table 
III-3. Data are presented as the means and standard deviations of triplicate measurements. 
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Discussion 
In this study, a series of recombinant yeast strains with high degradation abilities 
towards crystalline cellulose were developed via optimizing the ratio of three types of 
cellulase displayed on the cell surface. Notably, we obtained a strain A26 producing a 
cellulosic ethanol titer corresponding to 57% of the theoretical yield. To our 
knowledge, this is the highest ethanol yield from crystalline cellulose using 
cellulolytic yeast among the current reports84, 92. 
 
Currently, much effort has been done to engineer yeast strains to directly convert 
cellulose, especially the crystalline cellulose into bioethanol, but the cellulolytic 
activities in these strains are still insufficient. Fan et al. designed a delicate 
miniscaffoldin on the surface of S. cerevisiae, achieving an ethanol yield of 27% from 
10 g/L Avicel84. In addition, a yeast strain expressing a cocktail of cellulase genes was 
constructed92; but this strain could only generate an ethanol yield of 12% from Avicel. 
In contrast, using cocktail δ-integration method, several kinds of cellulase genes are 
integrated into yeast chromosomes simultaneously in one step, and strains with high 
cellulolytic activity (that is, expressing the optimum ratio of cellulases) can be easily 
obtained. In Figure III-2, around one-second of the twenty-nine selected transformants 
produced ethanol yields of over 45%. Especially, strain A26 exhibited an ethanol 
yield of 57%, demonstrating the effectiveness of this method.  
 
However, the production of large amounts of heterologous protein leads to 
obvious growth deficiency in recombinant strains. We found that the lag phases of 
some transformants were extended, indicating that the adaptive capacity of these 
strains to cultivation environment declined; on the other hand, the µmax of some 
transformants were decreased. A possible explanation for the lower µmax value could 
reside in the metabolic burden from the overloaded heterologous protein expression. 
Generally, the metabolic burden in yeast cells generates a decrease in the maximum 
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specific growth rate, biomass yield and respiratory capacity as well as an increase in 
maintenance requirement120. The generation of metabolic burden has been attributed 
to a broad variety of causes, such as the cellular stress associated with protein folding 
and degradation of misfolded protein in the endoplasmic reticulum (ER)121, and 
competition for resources to synthesize native protein and heterologous enzyme122. 
These stresses would lead to a drain on the energy metabolism, which have negatively 
impacted on the µmax of recombinant strain. The relationships between cell growth 
(Table III-3) and Avicelase activities (Figure III-2) also support this hypothesis, that 
the strains with higher cellulolytic activities (e.g., strain A16, A24, and B26) also 
possessed defects in cell growth. Notably, growth-deficient strain A24 showed higher 
cellulosic ethanol yield than control, indicating that its intracellular burden probably 
emerged as the cell-growth-related stress in ER, rather than competing energy 
resource (e.g., NADPH) with glycolysis pathway. On the contrary, strain B6 exhibited 
the highest cellulolytic activities among transformants and similar cell growth to 
control, but its ethanol yield is relatively low. It is postulated that the increased carbon 
flux (more available glucose caused by improved cellulose degradation ability) in B6 
did not flow into the synthesis of ethanol owing to the effect of metabolic burden. 
 
Another potential reason for the growth deficiency is the random, vast 
integration of genes into the δ-regions. δ-Integration simultaneously occurs on 
multiple chromosomes due to the presence of around 425 δ-regions dispersed 
throughout the yeast genome123. The random integration of genes into δ-regions 
possibly up-/ down-regulates the expression level of some critical genes involved in 
cell propagation. Currently, no obvious growth deficiency caused by δ-integration has 
been observed in other reports, except that the stability of the integrated gene varied 
with the integration sites on the genome after 50 generations of subculture124. 
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Many researchers have attempted to reduce the metabolic burden derived from 
protein expression in yeast strains, such as employing of a non-growth related 
expression system for heterologous protein gene expression125, or releasing of ER 
stress through over-expression of chaperone and ubiquitin126. Canonaco et al. reported 
the functional expression of arginine kinase in S. cerevisiae, setting up an intracellular 
pool of phosphoarginine to maintain constant intracellular ATP levels upon 
fluctuating energy demands; the engineered strain conferred a clear reduce of lag 
phase period in growth127. However, owing to the disproportionate complexity of 
intracellular activities, more detail information including metabolic flux balance 
between amino acid biosynthesis pathway and glycolysis pathway, and the genes 
against cellular stress sensitivity should be clarified to break the limitation of 
metabolic burdens.  
 
Conclusion 
In this chapter, we successfully constructed a pool of cellulolytic S. cerevisiae 
with diverse enzyme ratios on the cell surface using cocktail δ-integration method. 
Strain A26 achieved the highest cellulosic ethanol yield from crystalline cellulose 
(57%, corresponding to 1.46-fold of that in control strain (cellulase ratio is 1:1:1:1)) 
without any metabolic burden on cell growth. This study provided the insight that 
optimization of cellulase ratios displayed on the yeast surface would significantly 
increase its degradation ability towards crystalline cellulose, and ultimately result in 
the overall viability of low-cost, sustainable cellulosic ethanol production.   
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GENERAL CONCLUSION 
 
In this thesis, to achieve low-cost, environment-friendly degradation of cellulose 
for bioethanol production, novel cellulolytic yeast strains were developed using 
cell-surface display technique. Investigation of the suitable strategy for cellulase 
production, optimization of enzyme ratio on the cell surface, and improvement of 
cell-to-cellulose interactions were used to improve the cellulose degradation ability in 
yeast strains. A summary of the results from each chapter is listed in Table IV. The 
following can be concluded: 
 
1. It was demonstrated that placement of EG and CBH1 in the same space (both 
on the cell surface or both secreted into the medium) was favorable for ethanol 
production from amorphous cellulose.  
2. The cellulolytic yeast constructed via cell-surface display strategy was able to 
accelerate the production rate of ethanol from cellulosic materials; it appeared 
more effective in the cell-recycle batch fermentation than the strain 
constructed via secretion strategy. 
3. Increase of the enzyme variety (co-display of BGL, EG, CBH1, and CBH2) on 
the cell surface could efficiently enhance the synergism between cellulases, as 
a result, significantly improving the efficiency of cellulose hydrolysis. 
4. Through cocktail δ-integration method, the enzyme ratio on the cell surface 
was optimized, yielding a 1.46-fold higher cellulosic ethanol yield than the 
unoptimized strain (enzyme ratio of 1:1:1:1).  
5. The cellulase-displaying yeast strain exhibited clear cell-to-cellulose adhesion 
and a “tearing” cellulose degradation pattern; the adhesion ability correlated 
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with enhanced surface area and roughness of the target cellulose fibers. Our 
engineered strain	 could directly produce ethanol from rice straw, as well as 
cutting down more than 40% of the required enzymes under high-dense 
fermentation 
6. This thesis provides a novel strategy to improve the efficiency of cellulose 
hydrolysis: enhancement of the interactions between displayed-cellulase and 
cellulosic substrate based on the mechanism of cell-to-cellulose adhesion. 
 
This thesis presents some new understanding of the cellulose degradation 
mechanism via cellulase-displaying yeast strain. The following is recommended for 
future work.  
 
1. Carbohydrate binding domain (CBD) has been report to possess high affinity 
towards cellulose. Therefore, display of CBD on yeast surface is expected to 
enhance the interactions of cell-to-cellulose as well as the cellulose 
degradation ability. 
2. Although the optimal biomass pretreatment method combined with 
free-cellulase-mediated saccharification has been extensively studied, the 
pretreatment method suitable for surface-displayed cellulases still remains 
obscure, which will undoubtly improve the efficiency of cellulose hydrolysis. 
Thus, the corresponding suitable pretreatment approach needs to be studied in 
the future. 
3. The combination of cell-surface display technique with metabolic engineering 
aimed at redesigning microbial metabolic pathway will enable the production 
of advanced biofuels and biochemicals from cellulose, presenting a new 
opportunity in the biorefinery of cellulosic biomass.  
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